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Abstract 
  Polar bears (Ursus maritimus) from the southern Beaufort Sea (SB) subpopulation have 
been observed using onshore resources including subsistence-harvested bowhead whale 
(Balaena mysticetus) carcasses and seabird eggs/nestlings in contrast to their traditional diet 
largely comprised of ice seals as climate-driven sea ice loss has increased in the region. 
Quantitative modeling of SB polar bear diets including both of these onshore-based resources 
has not been previously performed, however. Here, diet estimates using quantitative fatty acid 
signature analysis (QFASA) and stable isotope mixing models suggested that both of these 
onshore prey items represent an appreciable proportion of the food resources consumed by SB 
polar bears since at least the early 2000s. QFASA provided diet estimates of 16.7 ± 1.2% for 
seabirds, as represented by black guillemots (Cepphus grylle mandtii), and 14.8 ± 1.3% for 
bowhead whales. Estimates for traditional ringed seal (Pusa hispida) prey (46.7 ± 1.7%) 
suggested that they nonetheless remained the principal prey species of SB polar bears, while 
lower consumption estimates were found for bearded seals (Erignathus barbatus) (19.9 ± 2.0%) 
and beluga whales (Delphinapterus leucas) (1.9 ± 0.5%). Demographic differences in prey types 
were also observed, with estimates of ringed seals being lowest for adult and sub-adult males (p 
< 0.03).  
 Shifts in habitat use and foraging ecology by SB polar bears may change their exposure 
to environmental stressors that, among other things, may impact their immune system. Such 
stressors may include key Arctic contaminants of concern known to be immunotoxic, namely, 
polychlorinated biphenyls (PCBs), organochlorine pesticides (OCs), and mercury (Hg). To 
assess their impacts on the immune system, a commercially-available multiplex canine cytokine 
panel was first validated for use in measuring the concentrations of five important pro- and anti-
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inflammatory cytokines in polar bears: tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), 
IL-8, IL-10, and interferon gamma-induced protein 10 (IP-10). Statistical modeling revealed that 
plasma cytokine concentrations varied with plasma ƩPCB concentrations, plasma ƩOC 
concentrations, and age class (p < 0.05), but not with hair total Hg (THg) concentrations, or hair 
selenium: THg (Se:THg) ratios. Although habitat use alone was also not an important factor 
explaining cytokine level variation, the interaction of habitat use and body mass index was found 
to be significant (p < 0.02), suggesting that exposure to habitat-linked variation in environmental 
stressors may play a role in modulating cytokines, important signaling immune proteins, among 
SB polar bears. 
 As sea ice loss continues in the Arctic, it is increasingly important to understand the 
impact of changing diets on physiological processes of this sentinel apex predator. This thesis 
contributes to ongoing research on the impact that a changing Arctic has on species interactions 
and the resulting consequences for exposures to, and cumulative effects of, multiple stressors 
facing polar bears at both the individual and population level.  
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Introduction 
 Temperatures in the Arctic have increased at a rate that is approximately twice the global 
average, resulting in the loss of sea ice and crucial habitat within the marine ecosystem (Screen 
and Simmonds 2010). One key ice-dependent species, and the apex predator of the Arctic 
ecosystem, is the polar bear (Ursus maritimus). Across the Arctic, there are 19 semi-discrete 
polar bear subpopulations (Obbard et al. 2010). The southern Beaufort Sea (SB) subpopulation 
contains between 600-1,200 individuals and is one of the best studied. Overall trends have shown 
a decreasing population size for the SB subpopulation over the past three decades and has been 
linked to sea ice loss (Bromaghin et al. 2015). The SB subpopulation boundaries are from 
161°W-133°W; however, before 2014 the eastern boundary was 125°W (PBSG 2017). The 
Alaskan region of the southern Beaufort Sea ranges from Icy Cape, AK and the Canadian border 
(141°W).  
 Circumpolar sea ice extent has continued to decline in recent years, with two of the five 
lowest September sea ice minima being 2015 and 2016 (the other three also occurred in the last 
10 years: 2007, 2011, and 2012 at the lowest). In fact, the years between 2007 and 2018 
represent the 12 lowest sea ice minimas to date (NSIDC 2018). In terms of ecoregions, the SB 
subpopulation is considered part of the Polar Basin Divergent Ice ecoregion, which is 
characterized by sea ice produced in the region advecting away from the Alaskan coastline 
(Amstrup et al. 2008). The narrow continental shelf along the southern Beaufort Sea coast boasts 
productive waters that distinguish the nearshore environment from the less productive marine 
region, in which sea ice retreats over during the open water season (Dunton et al. 2005). 
Consequently, the sea ice minimas are exceptionally dramatic for the southern Beaufort Sea, 
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where the number of polar bears remaining on the coast in the fall is expected to continue to 
increase with sea ice loss (Atwood et al. 2016). 
 This loss of sea ice has affected the feeding ecology of SB polar bears, specifically their 
access to traditional ice-associated prey, specifically ringed seals (Pusa hispida), bearded seals 
(Erignathus barbatus), and beluga whales (Delphinapterus leucas). Polar bears are linked to the 
sea ice and depend upon it for hunting, access to mates, and maternal denning. Traditionally,  
some SB polar bears came ashore only for maternal denning and spent the rest of their lifecycle 
on the sea ice unlike bears in seasonal ice ecoregions who have customarily used the onshore 
habitats annually when sea ice retreats (Amstrup et al. 2008, Durner et al. 2009). Polar bears 
have evolved to be primarily a sit-and-wait predator, either stationing at ringed seal breathing 
holes until the opportunity to attack presents itself or breaking in to their dens on the sea ice 
(Pagano et al. 2018). Opportunistically, polar bears will use similar techniques to hunt beluga 
whales at breathing holes where they are trapped by the ice (Laidre et al. 2018). Recently, it has 
been noted that polar bears are traveling farther to find prey items in the fragmented sea ice, 
swimming long distances between suitable habitats, and using more energetically demanding 
forms of hunting (Pagano et al. 2018). Polar bears may deviate from sit-and-wait techniques to 
hunt bearded seals, which haul out near the edges of sea ice floes, making these larger pinnipeds 
harder to hunt successfully compared to hunting smaller ringed seals at breathing holes or dens. 
Additionally, bearded seal carcasses are often found scavenged upon by other bears after the 
initial kill (Thiemann et al. 2011, Kingsley and Stirling 1991). 
 This change in the physical habitat is also linked to changes in the phenology and length 
of time that SB polar bears spend onshore. As the sea ice has retreated, some individuals remain 
on the ice year-round, while others come ashore during the reduced ice season in the summer and 
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fall and in increasing proportions post-2000 (Atwood et al. 2016). Polar bears may use 
alternative food sources while onshore (Galicia et al. 2016, McKinney et al. 2017a, Rogers et al. 
2015). For the SB subpopulation, in particular, polar bear may forage on subsistence harvested 
bowhead whale (Balaena mysticetus) carcasses (Herreman and Peacock 2013). These whale 
carcasses have been deposited by the communities of Utqiaġvik, Nuiqsut, and Kaktovik (on 
Point Barrow, Cross Island, and Barter Island, respectively) during the traditional fall whale hunt 
and have resulted in aggregations of polar bears around the remains (Atwood et al. 2016). Polar 
bears in the SB region have also been observed feeding at seabird nests on nearshore barrier 
islands, such as nesting sites of black guillemot (Cepphus grille mandtii) and with increasing 
frequency since 2002 (Divoky et al. 2015; G. Divoky, unpublished data).  
 To estimate the diets of polar bears, both quantitative fatty acid signature analysis 
(QFASA) and stable isotope mixing models are commonly used (McKinney et al. 2017a, Rogers 
et al. 2015). Fatty acids represent the lipid portions of the diet and can be used to uniquely 
identify prey species within food webs by generating profiles from proportions of fatty acids 
derived from the predator’s diet (Iverson et al. 2004). Additionally, carbon and nitrogen stable 
isotopes can be used to generate isotopic niches to discern prey and can also be used to 
quantitatively estimate diet proportions of consumers. Carbon stable isotopes (δ13C) in marine 
feeding organisms represent where in the water column feeding occurs, since heavier carbon 
isotopes are found in benthic/inshore habitats compared to pelagic/offshore environments 
(Cherel and Hobson 2007). Nitrogen stable isotopes (δ15N) are often used to discern between 
tropic levels, with higher δ15N values correspond to higher trophic position (Hussey et al. 2014).    
 Diet estimates from QFASA have been used previously to quantify the proportions of 
marine mammals in polar bear diets. Fatty acid-based diet estimates of the SB subpopulation 
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sampled in the spring from 2004-2012 demonstrated in years with reduced ice conditions that the 
proportions of beluga whales were lower and the proportion of bowhead whales was higher in 
the diets of adult males, while ringed seals in the diets of adult females/juveniles were lower 
(McKinney et al. 2017a). However, seabirds were not part of this previous analysis. Therefore, 
further investigation of feeding habits during this period of increasing onshore use to include 
additional onshore items in the diet analysis with potential links to other stressors is warranted. 
Advancing knowledge is necessary given the rapidly changing conditions, including sea ice loss, 
increased duration on land by polar bears, and increasing industrial development and activity in 
this region.  
 The influence of these ecological changes on other risk factors for polar bear health, such 
as pathogen and pollutant exposures, is not well understood (Fagre et al. 2015). Pollution in the 
Arctic comes predominantly from long-range transport from lower latitudes (Mackay 2006, 
Wania and Mackay 1996). While many contaminants are of emerging concern, Arctic wildlife 
still often show high levels of legacy contaminants, including persistent organic pollutants 
(POPs) such as, polychlorinated biphenyls (PCB) and organochlorine pesticides (OC). Although 
the production of these contaminants was halted under the Stockholm Convention, they are 
transported to the Arctic, and due to their lipophilic nature, persist in the food web (Stockholm 
Convention 2008, Letcher et al. 2010, Mackay et al. 2006). Although naturally occurring, 
mercury (Hg) is also a contaminant of concern in Arctic ecosystems due to anthropogenic 
releases from coal-fired power plants and mining activities for other metals (Pacyna et al. 2010). 
Polar bears are especially susceptible to the biomagnification of Hg, PCBs, and OCs due to their 
lipid rich diets and high trophic position (Jenssen et al. 2015). 
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 Polar bears traditionally are exposed to low levels of disease causing pathogens in their 
relatively isolated ecosystem, and thus may be particularly susceptible to pathogens novel to the 
Arctic environment (Weber et al. 2013). Rates of exposure to pathogens may be increasing in 
recent years concurrent with climate change induced stressors including nutritional inadequacies 
and altered contaminant/pathogen exposure from shifting prey resources, thus altering immune 
function (Bowen et al. 2015, Tryland et al.2014).  New pathogen vectors may enter Arctic 
marine ecosystems through northward range expansion driven by global climate change (Pecl et 
al. 2017). Additionally, warming in the region may change the ability of novel pathogens, which 
would not have thrived under historic Arctic conditions, to persist and infect relatively naïve 
species (Bradley et al. 2005).  
 Evaluating immune function and the drivers of its variation support both assessments of 
the overall health of individuals and populations of polar bears in the changing Arctic (Burek et 
al. 2008) and understanding the influence of increased use of terrestrial habitat and prey items on 
polar bear health. The effects of contaminant exposures and changing habitat use have been a 
continuing focus of interest in assessing immune system impairment in polar bears (Lie et al. 
2004, 2005, Whiteman et al. 2019). For example, bears in the SB feeding on bowhead whale 
carcasses were found to have a higher prevalence of alopecia than those not documented 
foraging on the carcasses (Atwood et al. 2015b). Although immunoglobulin G (IgG) titers and 
white blood cell counts have been used previously to assess immune function in polar bears (Lie 
et al. 2004, 2005, Whiteman et al. 2019), cytokine expression, which has become a novel metric 
to evaluate immune response in marine mammals (Desforges et al. 2016), has not. Cytokines are 
messenger, regulatory proteins secreted from lymphocytes to regulate immunological processes. 
Two main functions of cytokines are to regulate either a pro-inflammatory or anti-inflammatory 
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response to an antigen. Additionally, cytokines can be secreted to promote a T helper 1 (Th1) 
response for cell mediated immunity or a Th2 response promoting humoral immunity and are 
used for cross-regulation (Kuby 2012). Cytokine expression-based analysis can be used to 
increase the ability to assess numerous facets of the immune system and help predict 
immunotoxic effects of contaminants in tissues commonly sampled in the current field 
procedures.  
 The goal of this thesis was to evaluate how the shift towards onshore habitat and food 
resources may impact the interrelated feeding ecology, contaminant exposure, and immune 
function of SB polar bears. The first chapter of this thesis focuses on evaluating the diets of SB 
polar bears with specific focus given to onshore foraging. This study included seabird 
eggs/nestlings as potential prey items in addition to previously assessed potential prey (i.e. 
ringed seal, bearded seal, beluga whale, and bowhead whale). Quantitative fatty acid signature 
analysis and stable isotope mixing models were used separately and in combination to generate 
estimates for SB polar bear diets in recent years 2013-2016 and 2013-2014, respectively. The 
QFASA estimates were additionally retrospectively recalculated for bears sampled in 2004-2012 
to include seabirds as a prey item (McKinney et al. 2017a), which allowed for a longer time 
series to address temporal consumption of this onshore food resource and in relation to sea ice 
related trends. The second chapter focuses on assessing how potential drivers, including changes 
in habitat use, may influence contaminant exposure and subsequently variations in immune 
function. To assess the immune system, a commercially available canine specific cytokine panel 
was validated to measure the expression of five cytokines in polar bears. Environmental stressors 
(ƩOC, ƩPCB, and THg) and ecological/biological factors (age, sex, and onshore use) were 
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measured, then used to model immune response as represented by the response shown in the 
plasma cytokine levels.  
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Chapter 1  
 
Individual and combined fatty acid and stable isotope-based diet estimates suggest appreciable 
onshore feeding by southern Beaufort Sea polar bears 
 
Jennifer Bourque1 
    
Abstract 
 Polar bears (Ursus maritimus) from the southern Beaufort Sea (SB) subpopulation have 
traditionally fed predominantly upon ice-seals; however, as the proportion of the subpopulation 
using onshore habitat has recently increased, foraging on land-based resources, including 
carcasses of subsistence-harvested bowhead whales (Balaena mysticetus) and colonial nesting 
seabirds has been observed. Adipose tissue samples were collected from this subpopulation 
during the springs of 2013-2016 and full hairs from 2013-2014, and analyzed for fatty acid 
signatures and stable carbon and nitrogen isotope ratios, respectively. Independent and combined 
diet estimates were generated for the proportional consumption of ringed seals (Pusa hispida), 
bearded seals (Erignathus barbatus), and beluga whales (Delphinapterus leucas), relative to 
onshore foods, including bowhead whales and seabirds, as represented by black guillemot 
(Cepphus grylle mandtii) nestlings and eggs. Quantitative fatty acid signature analysis (QFASA) 
provided arithmetic mean (± SE) diet estimates of 16.7 ± 1.2% seabirds and 14.8 ± 1.3% 
bowhead whales. Estimates for ice-obligate prey indicated that ringed seals remained the 
                                                          
1 Chapter 1 prepared for journal submission with coauthors: Todd C. Atwood, George Divoky, Connie Stewart, and 
Melissa A. McKinney. Plural pronouns are used to represent the contributions of coauthors in preparation for future 
publication. 
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predominant prey species of SB polar bears (46.7 ± 1.7%), with lower consumption of bearded 
seals (19.9 ± 2.0%) and beluga whales (1.9 ± 0.5%). Consumption of bowhead whales and 
bearded seals was positively associated with body mass index (BMI), while consumption of 
ringed seals was negatively associated with BMI (rs > 0.23, p < 0.01, and rs = -0.39, p < 0.001, 
respectively). Adult and sub-adult males appeared to depend less on the traditional ringed seal 
prey than other sex/age classes. Hair stable isotope analysis varied from the QFASA estimates 
likely due to overlapping prey stable isotope ratios, isotopic routing, and possibly turnover rates 
of hair relative to adipose. Diet estimates of SB polar bears were explained by inter-annual 
variability for seabirds (F11,456 = 4.23, p < 0.001) and bearded seals (F11,456 = 4.16, p < 0.001). 
Even with the more conservative estimates provided by QFASA suggested that both of the 
onshore prey have represented an appreciable portion of the food resources used by SB polar 
bears since at least the start of the 21st Century. 
 
Keywords: Ursus maritimus, sea ice loss, feeding ecology, bowhead whale, black guillemot 
  
Introduction 
 Polar bears (Ursus maritimus) serve as the Arctic marine ecosystem’s apex predator and 
a sentinel species of ecological change. These large carnivores are traditionally sea ice-
associated predators, but declines in the availability of sea ice habitat have resulted in increased 
onshore use (Atwood et al. 2016) raising questions about food availability and caloric intake 
provided by onshore resources relative to that necessary to maintain their energetically 
demanding lifestyles (Rode et al. 2015, 2018, Pagano et al. 2018). Yet, current understanding of 
the feeding habits of polar bears while on land remains limited. Moreover, research on the 
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onshore foraging habits of these top predators may reveal larger fluctuations in the ecosystem 
and potential trophic cascades due to environmental change (Rode et al. 2018).  
  The southern Beaufort Sea (SB) subpopulation of polar bears is currently estimated at 
600-1,200 individuals (Bromaghin et al. 2015). Studies have shown a decreasing SB 
subpopulation size over the past three decades linked to sea ice loss (Regehr et al. 2010, 
Bromaghin et al. 2015). In addition to a decreasing subpopulation, reduced body size and 
recruitment in SB polar bears have been associated with the decline of sea ice cover (Rode et al. 
2010). Sea ice has historically been available to polar bears in the SB throughout the year, but in 
recent years sea ice has retreated north off the continental shelf in summer and fall to deeper, less 
productive waters of the Arctic Ocean. During the annual sea ice retreat, some SB polar bears 
have remained on the ice year-round, while others have come ashore during the open-water 
season in the summer and fall, with increasing proportions reported onshore since the year 2000 
(Atwood et al. 2016).  
The increased reliance on coastal onshore habitat due to the declining availability of sea 
ice may affect the feeding ecology of these SB polar bears. Traditional on ice habitat provides 
polar bears with access to their preferred ice seal prey, ringed seals (Pusa hispida), bearded seals 
(Erignathus barbatus), and occasionally, beluga whales (Delphinapterus leucas) (Stirling and 
Archibald 1977, Thiemann et al. 2008). SB polar bears that come ashore, instead of remaining 
with the retreating pack ice, have been documented feeding on alternative land-based foods 
(McKinney et al. 2017a), as also documented in a small number of Canadian subpopulations 
(Smith et al. 2010, Iverson et al. 2014, Rogers et al. 2015, Galicia et al. 2016). Bowhead whales 
(Balaena mysticetus) are harvested for subsistence in the SB and Foxe Basin (FB) regions, and in 
the latter, killer whale predation has also left behind remains in recent years that sometimes wash 
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ashore (Galicia et al. 2016). These remains are foraged upon by polar bears in both 
subpopulations (Atwood et al. 2016, Galicia et al. 2016). Seabirds have also been observed as 
onshore prey in a few subpopulations, as polar bear onshore arrival now coincides with seabird 
nesting activities. In the western Hudson Bay (WHB) subpopulation, polar bears have been 
observed devastating snow goose (Chen caerulescens) and thick-billed murre (Uria lomvia) eggs 
and nestlings since c. 2000, in quantities exceeding that of traditional opportunistic foraging of 
these species by polar bears (Smith et al. 2010). Seabird nest predation, including that of 
northern common eiders (Somateria mollissima) and thick-billed murres, has also been observed 
by FB and Davis Strait polar bears as sea ice coverage has declined in these areas since 1985 
(Iverson et al. 2014). Polar bears in the SB have been observed feeding on a breeding colony of 
black guillemots (Cepphus grylle mandtii) on Cooper Island largely post-2002, until the nests 
were protected in 2010 by researchers (Divoky et al. 2015). Despite observation of seabirds and 
seaducks as prey in multiple regions, their contribution to the diet has not been estimated for any 
subpopulation of polar bears.  
 It has been posited that such lower calorie, onshore resources are not important from an 
energy intake perspective, but they have largely not been included in quantitative diet estimation 
models thus far. Bowhead whale consumption has been recently included in both fatty acid and 
stable isotope-based diet estimates (Cherry et al. 2011, Rogers et al. 2015, McKinney et al. 
2017a), however, seabird estimates have not been considered. The observed deviation from 
traditional high calorie prey species to lower energy sources appears to be a consequence of 
reduced extent of sea ice coverage in traditional habitat. The caloric inputs from lipid-rich, ice-
associated prey species are crucial for the high-energy lifestyles that come along with living in 
the Arctic (Rode et al. 2015). Polar bears forced to swim or walk long distances to find prey 
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instead of using customary sit-and-wait techniques require increased energy to maintain body 
condition. Furthermore, polar bears that remain with the retreating ice are found to use these 
more energetically costly techniques to hunt among larger leads, which increases the difficulty of 
seal hunting and requires long-distance swimming (Pagano et al. 2012, 2018, Durner et al. 2017).   
 Here, our objective is to use a multi-proxy approach (fatty acid signatures, stable isotope 
ratios, and both combined; Cherry et al. 2011) to quantitatively estimate the extent of SB polar 
bear feeding on seabirds from 2013-2016, relative to another identified onshore prey species, 
bowhead whale, and to traditional pagophilic prey: ringed seal, bearded seal, and beluga whale. 
We also combined our fatty acid signature data with previous data from 2004-2012 to determine 
temporal trends in predation on seabirds and other prey species. We hypothesize that given SB 
polar bears’ increasing use of onshore habitat, onshore resources currently comprise a substantial 
proportion of SB polar bear diets. We further predict that as the presence of polar bears on 
barrier islands has increasingly coincided with colonial seabird nesting periods, polar bear 
feeding habits have shifted away from traditional ice-associated prey and towards increased 
proportions of these and other onshore food resources.  
 
Methods 
Study area and sampling  
 Capture and handling of polar bears in the SB subpopulation has occurred nearly every 
year from March to mid-May over the past three decades (Atwood et al. 2016). The location of 
captures is on the sea ice off the north coast of mainland Alaska between Utqiaġvik and the 
border between Alaska and Yukon, Canada (157-141° W). In this region, subsistence harvesting 
of bowhead whales in the fall leaves behind carcasses that provide a food source for polar bears 
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coming ashore. These bone piles have been amassed at Point Barrow (until 2012), Barter Island, 
and Cross Island near the communities of Utqiaġvik, Kaktovik, and approximately 75 miles 
northeast of Nuiqsut, respectively and appear to influence the onshore distribution of SB polar 
bears (Atwood et al. 2016). Subcutaneous adipose tissue biopsies were collected from the rump 
of bears sampled in the spring of 2013-2016 (n = 130). Plucked hair including roots were 
collected in spring 2013-2014 (n = 98). Black guillemot specimens, used as a representative 
seabird species for the region, were collected on Cooper Island (71° 200N, 155° 410W) in 
August of 2011, including eggs of various developmental stages (n = 12) and nestlings (n = 11). 
 Ancillary biological information for individual polar bears was collected at the time of 
sampling. Recorded information included position (lat/long) of capture, sex, girth, straight-line 
body length (straight from tip of muzzle to base of tail), weight, skull width, and skull length. 
Additional information on accompanying cubs was collected, including the number of cubs and 
their age class, sex, weight, skull width and/or length (Rode et al. 2010). Ages for first-time 
independent captured bears were determined by counting the growth layer groups in the 
cementum of a vestigial premolar tooth (Calvert and Ramsey 1998) and dependent young were 
aged based on size.    
 
Sea ice indices 
 Sea ice metrics for the entire SB region were calculated annually from daily ice statistics 
by the National Snow and Ice Data Center (NSIDC) (D. Douglas, unpubl. data), as previously 
described (McKinney et al. 2014). Ice free days (IFD) (the number of days where ice coverage 
over the continental shelf was <50% or <15%) and melt season (defined as the length of time 
(days) between the start of decline in ice concentration to the start of increase in ice 
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concentration over the continental shelf) were used to represent sea ice extent. The eastern 
border of the SB has shifted to Tuktoyaktuk, NWT, Canada since the previous study by 
McKinney et al. (2017a), causing slight differences in the sea ice metrics used for this analysis. 
 
Fatty acid analysis 
 Fatty acid analysis was performed on polar bear adipose tissues, as well as homogenates 
of entire black guillemot eggs and nestlings. Adipose samples were stored at -80 °C at the 
University of Connecticut, Storrs, CT, USA, prior to analysis. Oxidation has been shown to 
effect fatty acid signatures, particularly reducing the levels of long-chained polyunsaturated fatty 
acids and increasing proportions of saturated and mono-unsaturated fatty acids (McKinney et al. 
2017a). Three samples visually appeared more yellow in color than others, however, their 
proportions of 22:6n3 were not significantly different than the samples that appeared white and 
fresh (w = 1131.5, p = 0.87). Lipids were extracted from the adipose and homogenate as 
previously described (McKinney et al. 2014, 2017). Fatty acids were then trans-esterified to fatty 
acid methyl esters (FAME) and quantified as mass percentage of total FAME using gas 
chromatography with flame ionization detection.  
 
Stable isotope analysis 
 Analysis of carbon (δ13C) and nitrogen (δ15N) stable isotopes was also performed on hair 
samples from a subset of the bears (2013-2014, n = 98) to provide an independent estimate of 
diets with which to further evaluate our QFASA-based model. Full hairs from this subset of polar 
bears and homogenates of all black guillemot eggs and nestlings were washed of lipid residue 
and other contamination with a 2:1 chloroform:methanol solution overnight, rinsed with 
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deionized water, oven dried, and cut with scissors (hair) or crushed with a mortar and pestle into 
a powder (eggs/nestlings). Between 500-600 μg of each sample was then weighed, packaged into 
tin cups, and sent to the Stable Isotope Facility at the University of California, Davis for analysis.  
 
Diet modeling 
 Diet estimates based on fatty acid signatures were determined via quantitative fatty acid 
signature analysis using the QFASA package (Iverson et al. 2018) in R (R Core Team 2018). 
Estimates using QFASA were generated for SB polar bears sampled in 2013 to 2016. Calibration 
coefficients (CC) from mink (Mustela vison), a terrestrial carnivore model fed a marine diet, 
were used to adjust polar bear fatty acid proportions based on predictable changes relative to 
prey signatures due to predator biosynthesis and metabolism (Iverson et al. 2004). Next, CC-
corrected polar bear signatures and prey signatures, including black guillemot (Table A.1.1) as 
well as additional prey species used in previous SB studies, ringed seal (n = 89), bearded seal (n 
= 20), beluga whale (n = 29), and bowhead whale (n = 64) (Budge et al. 2008, Thiemann et al. 
2008) were analyzed by QFASA using the Kullback-Liebler distance measure. Previously 
published polar bear fatty acid signatures from 2004-2012 (McKinney et al. 2017a) were also re-
analyzed to additionally include estimated proportions of black guillemot. Estimates were then 
combined with those from 2013-2016 to assess temporal trends in diet for this subpopulation.  
 Model diagnostics were performed for QFASA through simulation runs. Prey-on-prey 
simulations were performed to evaluate how well prey species were distinguished from one 
another based on their fatty acid signatures. This model split the prey data randomly into 
‘predator’ and ‘prey’ datasets. The ‘predator’ was modelled using the ‘prey’ to test if the model 
correctly identified the individual species relative to the others. Predator diet simulations were 
16 
 
also performed to test how well the QFASA model output estimated a simulated diet. The 
simulation was run 100 times using the CCs and considering lipid composition (Iverson et al. 
2004, Stewart and Field 2011) to generate estimates from a ‘pseudo-predator’ whose fatty acid 
signature was generated from a given set of diet proportions closely reflecting the output of the 
QFASA diet estimates.   
 For quantitative diet modeling using stable isotopes, carbon and nitrogen isotope ratios 
from SB polar bear hair were used. The prey dataset included the whole black guillemot samples 
generated in this study, along with muscle stable isotope ratios previously published for the same 
potential prey that were included in the QFASA analysis, i.e., bearded seal, ringed seal, bowhead 
whale (Rogers et al. 2015), and beluga whale (Cherry et al. 2011). Diet estimates from stable 
isotopes were generated using mixing models in the SIAR package (Parnell and Jackson 2013). 
Discrimination factors, also known as tropic enrichment factors (TEFs), were used from ursid-
specific (Δ13C= 2.6 ±0.2‰; Δ15N = 3.4 ±0.3‰) and carnivore/omnivore hair specific (Δ13C= 2.6 
±0.3‰; Δ15N = 2.9 ±0.6‰) values (Rogers et al. 2015). The predator data were split into groups 
according to sex/age class and then run through stable isotope mixing model using a Bayesian 
approach. The models were run with 500,000 iterations and a 50,000 burnin generating 30,000 
simulations for each group. 
 In the third and final approach, the estimates from the 2013-2016 QFASA and 2013-2014 
SIAR approaches were combined according to the lipid: protein ratio of 4:1 (Cherry et al. 2011) 
as follows: Mean estimates were generated by QFASA and the mean ± standard error (SE) were 
multiplied by 80%. Stable isotope estimates were also averaged and the mean ± SE were 
multiplied by 20%. The estimates were then added together and the SEs were squared, added, 
and then the square roots were taken.  
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Statistical analysis 
 A permutation MANOVA (perMANOVA) using the vegan package (Oksanen et al. 
2019) with chi-square distance based measure was used to assess the influence of sex/age class, 
body mass index (BMI), and capture year (as a factor) on the QFASA diet estimates, while 
considering the interactions of year × sex/age class and sex/age class × BMI. The significant 
variables from the overall perMANOVA were then included in perMANOVA’s for the 
individual prey items by considering the diet proportions (pk, 1- pk), k = one of the five prey 
items. P-values were adjusted with the holm method to account for multiple comparisons. For 
categorical variables that were significant based on the individual prey perMANOVA, pairwise 
perMANOVAs were used, with adjusted p-values, to examine how variation in the proportions 
of individual prey items in the SB polar bear diets differed amongst groups. For continuous 
variables, Spearman’s ranked correlations were performed. For the trend analysis, additional 
fatty acid signature results reported in McKinney et al. (2017) from 442 SB bears sampled in the 
spring 2004-2012 were also included. Separate perMANOVAs were also run that included one 
of the two sea ice indices, IFD or melt season, in place of capture year and including the 
interaction of sea ice indices × BMI. The above statistical analyses were run for samples 
collected from 2013-2016 as well as the longer time series, 2004-2016. Statistical significance 
was set at α = 0.05 so results are significant if p ≤ 0.05.   
  
Results  
Recent fatty acid-based diet estimates  
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 Recent estimates from 2013-2016 for SB polar bears using QFASA suggested ringed seal 
were the largest proportion of their diets (46.7 ± 1.7%). Estimates for other prey species were 
less than half of that estimated for ringed seal and were similar among bearded seals (19.9 ± 
2.0%), seabirds (16.7 ± 1.2%), and bowhead whales (14.8 ± 1.3%), but were lower for beluga 
whales (1.9 ± 0.5%) (Figure 1.1). A perMANOVA showed that variation in these diet estimates 
among the recently sampled (2013-2016) polar bears was significantly associated with BMI 
(F1,91 = 7.58, p < 0.001) and capture year (F3,91  = 2.54, p = 0.01), but not with sex/age class 
(F5,91  = 1.26, p = 0.19) or the interactions of sex/age class × BMI (F4,91  = 1.09, p = 0.35), year × 
BMI (F3,91  = 0.85, p = 0.58), and year × sex/age class (F8,91  = 0.68, p = 0.91). Proportions of 
bearded seal and bowhead whale in polar bear diets were positively associated with polar bear 
BMI values (rs = 0.23, p = 0.04, and rs = 0.32, p = 0.03, respectively), whereas proportions of 
ringed seal in the diets were negatively associated with BMI (rs = -0.39, p < 0.001) (Figure 1.2). 
However, seabird and beluga whale consumption estimates were not significantly associated 
with BMI (p = 1.00, p = 1.00).   
 
Diet trends from 2004-2016 via fatty acids-based diet estimates 
Decadal-scale trends in SB polar bear diet estimates were determined using QFASA on 
polar bear samples collected from 2004-2016. An initial perMANOVA was run considering year, 
sex/age class, BMI, and the interaction of sex/age class with year and BMI. A significant 
association between diet and year was found (F11,401 = 3.07, p < 0.001). The analysis additionally 
demonstrated a significant relationship between diet and BMI (F1,401 = 16.79, p < 0.001), as well 
as significant differences in diet among sex/age classes (F5,401   = 2.66, p < 0.001) of SB polar 
bears. There was significant inter-annual variation in estimated consumption of bearded seal 
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(F11,456 = 4.155, p < 0.001 ), and seabirds (F11,456 = 4.23, p < 0.001); however, when annual 
means were analyzed for specific time trends (rs = 0.27, p = 0.37, rs = -0.04, p = 0.89), no 
directional increase or decrease was detected. No significant relationships between year and diet 
were seen for the other prey items (p > 0.08). High inter-annual variability was seen with all prey 
items (Figure 1.3). Consistent with the results based on recent years (2013-2016) only, bowhead 
whale and bearded seal consumption estimates were positively associated with BMI (rs = 0.23, p 
< 0.001, and rs
 = 0.16, p < 0.001, respectively) and negatively associated with ringed seal 
consumption estimates (rs = -0.34, p < 0.001). For sex/age class, only ringed seals estimates 
showed variation (F5,456  = 4.79 , p = 0.001), whereas no other prey items showed significant 
variation between demographic groups (p > 0.08). Adult males had lower levels of ringed seal in 
their diet estimates than adult females, sub-adult females, one-year old cubs and two-year old 
cubs (p < 0.02). Sub-adult males also had lower levels of ringed seal estimated in their diets than 
adult females and sub-adult females (p < 0.03) (Figure 1.4 A-E).  
For the time series from 2004-2016, a subsequent set of perMANOVAs were performed 
in which year was replaced with one of the sea ice indices. There was a significant main effect of 
IFD at the 50% threshold (F1,455 = 2.61, p = 0.038), however significant main effects were not 
seen for the 15% threshold (F1,455 = 1.05, p = 0.36), nor for melt season length (F1,455 = 1.94, p = 
0.10), on SB polar bear diet estimates. Furthermore, the interaction of IFD using the 50% ice 
threshold with BMI was significant (F1,455 = 0.87, p = 0.04); however, when assessing further the 
relationship of IFD with BMI, no significant interaction was found for any individual prey items 
(p > 0.09). Interaction terms were not significant in models using the other two ice metrics (p > 
0.06).  
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 The prey-on-prey simulation showed that the QFASA model was robust with respect to 
distinguishing between the prey species (Figure 1.5). The marine prey were also mostly 
identified correctly, with correct identifications averaging 80.0 ± 24.0% for bearded seal (Figure 
1.5A), 93.1 ± 8.1% for ringed seal (Figure 1.5B), and 88.1 ± 9.7% for beluga whale (Figure 
1.5C). Bowhead whale, also showed very high correct identifications in the simulations 
averaging 94.5 ± 4.1% of the runs (Figure 1.5D). Importantly, seabirds, which were not 
evaluated as prey in previous diet assessments for these polar bears, were well distinguished 
from the other prey species, averaging 96.5 ± 3.6% correct identifications in the simulation runs.  
 Predator simulations also supported the robustness of the QFASA model. We set the 
simulated “pseudo-predator” diet to have a proportional composition of 20% bearded seal, 45% 
ringed seal, 5% beluga whale, 15% bowhead whale, and 15% seabird, proportions which were 
close to the those estimated by the model. The QFASA model performed well with the average 
estimates close to the simulated composition, specifically, the average estimates were 19.8 ± 
2.1% for bearded seal, 44.8 ± 2.6% for ringed seal, 5.4 ± 2.6% for beluga whale, 15.0 ± 2.1% for 
bowhead whale, and 15.0 ± 1.3% for seabird (Figure A.1.1). 
 
SIAR-based diet estimates 
 Stable isotope ratios in hair of SB polar bears sampled in 2013-2014 averaged -17.19 ± 
0.05 ‰ for δ13C and 20.39 ± 0.08‰ for δ15N (Table A.1.2). Examining raw stable isotope ratios, 
neither δ13C nor δ15N were significantly different between sex/age classes of SB polar bears 
(F6,91 < 0.96, p > 0.11). Year explained a significant amount of the variation in δ15N ratios (F1,96   
= 4.21, p = 0.04), but not δ13C ratios (F1,96 = 1.43, p = 0.24). BMI was not significantly 
associated with δ13C or δ15N ratios (r2 < 0.02, p > 0.11). Seabird (black guillemot) carbon and 
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nitrogen stable isotope ratios were also determined in this study and were -19.99 ± 0.09 ‰ and 
17.98 ± 0.09‰, respectively. We used published prey values for the other prey species (Cherry 
et al. 2011, Rogers et al. 2015) (Table A.1.2).  
 The mixing models showed high correlation between seabirds and ringed seal, leading to 
poor separation of the two species in the diet estimates. For the ursid specific TEF, the adult 
female and adult male polar bears had r2 values for these two species of 0.72 and 0.50, 
respectively. The tissue specific TEF also showed a negative correlation in the posterior 
distribution between ringed seal and seabirds with r2 values of 0.77 for adult females and 0.69 
for adult males. The ursid specific TEF was chosen for the rest of the analysis since it performed 
better at separating out the prey species.  
The ursid specific TEF was used to generate diet estimates for the six age classes of SB 
polar bears (Figure 1.6). The average estimated proportional consumption of seabirds ranged 
from 24.6 ± 4.9% in two-year old cubs to 38.0 ± 1.8% in adult females. Bearded seal estimates 
were very low, ranging from 4.1 ± 0.5% in adult females to a high of 12.3 ± 5.0% in one-year 
old cubs. Beluga whale estimates were just higher at 6.9 ± 0.8% in adult females to 16.1 ± 5.6% 
in one-year old cubs. Ringed seal and bowhead whale had percentages of 21.1 ± 4.8% in two-
year old cubs to 26.2 ± 3.4% in sub-adult females and 18.7 ± 1.2% in sub-adult males to 30.6 ± 
3.9% in two-year old cubs respectively (Table 1.1).  
 
Overall diet estimates 
 Based on an assumed diet composition of 80% fat and 20% protein for polar bears (Best 
1985), and that the QFASA based estimates were largely representative of the fat portion of the 
diet and that the SIAR-based estimates are largely representative of the protein portion, we 
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calculated a weighted, overall diet estimate (Table 1.1). Calculated means for each sex/age class 
showed that ringed seal was the dominant component of the diet when considering both lipid and 
protein consumption, with combined estimates ranging from 32.0 ± 1.3% in adult male to 47.7 ± 
2.2% in sub-adult female SB polar bears. Nonetheless, seabirds were estimated to represent a 
portion of the diet, ranging from 14.3 ± 3.0% in two-year old cubs to 21.8 ± 1.0% in adult 
females. However, seabirds and ringed seals were not well separated out in the stable isotope 
analysis and thus their contribution to SB polar bear diets may be uncertain in this model that 
incorporates the SIAR estimates. Bowhead whale, the other terrestrial based prey, was estimated 
to comprise between 11.1 ± 3.0% in two-year old cubs and 19.2 ± 1.1% in adult males. Bearded 
seal and beluga whale proportions ranged from 15.1 ± 1.3% in adult females to 24.0 ± 3.1% in 
one-year old cubs and 3.9 ± 1.3% in one-year old cubs to 6.3 ± 0.8% in adult males respectively.  
 
Discussion 
 Observations of predation activities of individual polar bears in a small number of 
subpopulations have suggested substantial depredation of colonial nesting seabirds, at least in 
recent years (Smith et al. 2010, Iverson et al. 2014, G. Divoky, unpubl. data). However, the 
actual contribution of this novel onshore resource to diets and body condition of polar bears at 
the population-level has not been previously evaluated. Here, even our more conservative 
estimates from QFASA suggest that seabirds comprised an appreciable contribution to the 
biomass consumed by SB polar bears in recent years. The estimate for this onshore food item 
was higher than initially anticipated, since seabird nestlings and eggs showed a low percent lipid 
(0.22-18.28%) relative to the other prey species and observations of predation in this region have 
not suggested such a high dietary importance of seabirds to SB polar bears (Smith et al. 2010, 
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Pilfold et al. 2012). It is important to note that the percent lipid values used in the QFASA model 
represent generalizations of what polar bears are consuming. For the seabird nestlings and eggs, 
we assumed that the prey is consumed in its entirety; therefore, percent lipid was calculated for 
the entire homogenate. For the pinnipeds and cetaceans, 100% lipid was assumed in the model 
since bears prefer the blubber layers over the protein-rich muscle, but that assumption may 
oversimplify and overestimate the amount of lipid actually consumed from these prey species. 
Furthermore, an overestimation of lipid values in marine mammals would lead to an 
underestimate of marine mammal consumption by SB polar bears. The marine mammal QFASA 
data were also compiled from previous research, and if additional food web changes have 
occurred, previous fatty acid signatures may not be fully representative of current fatty acid 
signatures. Yet, the prey-on prey simulation indicated that the QFASA model performed well at 
distinguishing seabird fatty acid signatures from those of other prey species; thus, the seabird 
estimates were not biased by similarity of prey signatures, at least for the QFASA model. 
Therefore, we conclude that the proportion of seabirds in the diet of SB polar bears may be 
higher than previously assumed, but also that this conclusion should be interpreted with some 
caution given the aforementioned factors. This is the first QFASA study for the subpopulation 
including this prey; therefore, we recommend further research to quantify the different seabird 
species and other potential onshore prey susceptible to polar bear predation and at what rates, as 
these pieces of evidence would suggest onshore foraging may impact seabird populations.  
 Black guillemots are only one of the many subsurface, pelagic feeding Arctic seabirds 
that may be susceptible to SB polar bear predation; although just the presence of the birds does 
not mean they are vulnerable to predation (Kuletz et al. 2015). Breeding colonies are crucial, 
since polar bears have mainly been seen foraging upon eggs and nestlings (Divoky et al 2015, 
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Iverson et al. 2014). However, adult lesser snow geese (Chen caerulescens caerulescens), during 
the molt when the birds were rendered flightless, have been hunted by the WHB subpopulation 
of polar bears (Iles et al. 2013). Therefore, the phenology of this foraging strategy requires the 
breeding seasons of the birds to coincide with when polar bears come ashore in response to sea 
ice conditions (Iverson et al. 2014). Besides the Cooper Island colony, there are other seabird 
breeding sites in the SB region including black guillemots on Hershel Island and thick-billed 
murre colonies on the cliff like habitat that occurs near Cape Parry (Dickson and Gilchrist 2002). 
The SB has less recorded breeding seabirds than other regions due to poor nesting habitat caused 
by a majority of the coast being lined with low barrier islands instead of cliffsides (Dickson and 
Gilchrist 2002). However, other seabirds such common eiders are also known to breed in the 
area and many species are known to breed in the coastal plain of the Arctic National Wildlife 
Refuge (Goudie et al. 2000, U.S. Fish and Wildlife Service 2015). We used available eggs and 
nestling from black guillemot to suggest seabird feeding in this first investigation and assumed 
that their fatty acid signatures may be similar, and thus reasonably represent, other pelagic-
feeding seabirds. However, other potentially important seabirds, seaducks, or other prey should 
be included in future modeling; inclusion of such potential prey could change the proportional 
estimates presented here for the prey species (Iverson et al 2004). 
 In agreement with the previous study (McKinney et al. 2017a), ringed seal remain the 
most important component of SB polar bear diets as estimated through QFASA. Thus, despite 
large changes in habit use and associated variation in feeding habits, SB polar bears, particularly 
adult females and juveniles, still rely on this ice-seal species for subsistence, just as they 
traditionally have done (Stirling and Archibald 1977). In contrast, males have the most distinct 
diet, which is connected to their generally more solitary behavior foraging in open water near ice 
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floes (Stirling et al. 1993). Males consumed, on average, lower proportions of ringed seal than 
adult and sub-adult females, consistent with males relying more heavily on other prey items 
including the onshore prey. These results are in agreement with the finding that adult males make 
up the highest proportion of fall onshore surveys (Atwood et al. 2015a). Additionally, 
consumption of bowhead whale being positively associated with BMI was also consistent with 
previous studies (McKinney et al. 2017a) and show that easy access to a secure food source with 
low energetic cost is beneficial to body condition. The lack of relationship between BMI and 
seabird consumption suggests that seabirds alone is not likely to improve body condition. 
Furthermore, bears in better body condition consumed more bearded seals, whereas the reverse 
was true for those consuming high levels of ringed seal. This implies that individuals in good 
condition are more successful in hunting the larger bearded seals, or that the value obtained from 
feeding on bearded seal is greater than ringed seal. Yet, since these are proportional diet 
estimates, these relationships of individual prey to BMI may be interlinked.  
 Although we hypothesized that SB polar bear diets would show decadal-scale shifts 
towards increased onshore foraging, temporal trends did not show clear changes in proportional 
consumption of any prey species, despite significant inter-annual variation for seabirds and 
bearded seals. Furthermore, IFD at 50% threshold and the interaction of BMI and this sea ice 
index were not found to be significant for individual prey, but were seen to describe overall 
variation, thus supporting the inclusion of these parameters in future studies. The present study 
also showed that there was continued high inter-annual variability similar to that reported in the 
preceding study for all prey items (McKinney et al. 2017a), suggesting the critical importance of 
continued long-term annual monitoring to provide sufficient power to detect ecological change 
within such highly variable systems. Additionally, as the proportion of SB polar bears coming 
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ashore and using nearshore/onshore habitat increases as the sea ice retreats, it is crucial to assess 
if those sampled on sea ice in spring remain a representative subsample of the entire SB 
subpopulation. It is possible that bears that spend summer and fall on land also display fidelity to 
the nearshore region at other times of year. This disproportionate use of nearshore sea ice 
habitats may increase their probability of capture in spring and lead population-level estimates of 
the use of onshore food items that are biased high. Yet, social learning or genetic inheritance has 
been linked to onshore behavior in SB polar bears, indicating that future generations of bears 
using the onshore habitat will continue to use these resources as sea ice loss progresses (Lillie et 
al. 2018). If onshore habitat use results in improved fitness (reproductive output or survival) as 
seen with body condition, the behavior will likely proliferate. 
 The diet estimates from the SIAR model using stable isotope ratios differed from those 
obtained by QFASA using the fatty acid signatures. Likely explanations for this difference 
include the relative amounts of protein and fat consumed by polar bears (Best 1985), the way the 
tracers are deposited in tissue, and the amount of these macronutrients that are available/used by 
polar bears from each prey species. Here, the stable isotope estimates due to isotopic routing, to a 
large extent, reflect the protein portion of the diet consumed by the SB bears (Cherry et al. 2011). 
Since polar bears mainly consume lipids, estimates based on the protein portion of the diet may 
be less representative than those based on the lipid portion or on both. In addition, the ratio of fat 
and protein may vary by size of prey species consumed. For example, prey switching from 
ringed seal pups to adults has been seen in polar bears when ringed seal pup availability is 
lowered due to low reproduction years, thus potentially changing the lipid:protein ratio of polar 
bear foraging (Reimer et al. 2018). Bearded seals are larger prey, and thus offer more blubber 
than ringed seals, especially than ringed seal pups. Therefore, bearded seal consumption may 
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largely consist of blubber tissues, while more protein-rich muscle and viscera may additionally 
be consumed from smaller prey, including ringed seals and often is left for scavenging bears 
(Cherry et al. 2011). The stable isotope analysis likely underestimated bearded seal consumption 
due to preferential feeding on the blubber over the meat of these larger seals (Cherry et al. 2011). 
The correlation of ringed seal and seabirds, both piscivorous feeders, in the mixing model also 
made the diet estimates from SIAR less reliable than from QFASA. Since these two prey species 
showed very similar values for ratios of both isotopes, distinguishing between them in the 
analysis was difficult. From observation and prior stable isotopes studies finding ringed seal as 
the predominant prey item (Cherry et al. 2011, Rogers et al. 2015), ringed seals may have been 
underestimated in our stable isotopes analysis, and conversely, seabirds overestimated. In 
contrast, bearded seals, bowhead whales, and beluga whales showed distinct δ13C ratios from the 
other prey species. Additionally, the demographic differences in diet detected by QFASA, which 
were not found using SIAR also supports the notion that stable isotopes analysis provided lower 
resolution estimates than fatty acids (Bowen and Iverson 2013). Similarly, the QFASA estimates 
more closely aligned with diet estimates based on ringed and bearded seal kill observations in the 
SB (Pilfold et al. 2012). Although only these two species were included in the study, as it did not 
account for onshore food items and did not describe any beluga whale kill sites, ringed seal 
comprised 67% of consumed biomass (90.2% of the kills). Our findings from the QFASA diet 
estimates agree that ringed seal are the predominant prey (46.7 ± 1.7%) followed by bearded seal 
(19.9 ± 2.0%; approximately a 2:1 ratio as far as biomass), although the combined onshore 
resources made up a proportion of the diet as well (31.5 ± 2.5%).   
 Both QFASA and SIAR diet estimates provide the proportion of each prey item 
consumed on a biomass basis and do not represent the number of individuals consumed since 
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prey size varies largely from seabirds to bowhead whales. The number of individuals consumed 
can be calculated by scaling the biomass proportions by the mass of the prey species. The 
average mass of the black guillemot eggs and nestlings from this study was 0.03 kg and were 
assumed to be consumed entirely. The consumable mass of bowhead whale has been estimated 
to be approximately 22,000 kg, while ringed seal has a total body mass of approximately 65 kg 
and a consumable mass of 16.7 kg (Thiemann et al. 2008, Laidre et al. 2018). If the proportional 
number of prey consumed are estimated, seabird consumption drastically overwhelms the 
proportion of prey foraged upon (~99.8%), even though by biomass seabirds are not the major 
prey. Devastation of breeding colonies by polar bear predation has been reported (Smith et al. 
2010, Iverson et al. 2014), and if sustained over multiple breeding seasons, creates the potential 
for localized reproductive failure.     
 Diet estimates were combined in an attempt to represent both the lipid and protein 
portions of SB polar bear diets. The combined estimates were relatively similar to the QFASA 
estimates, primarily because those estimates were weighted at 80% of the overall estimates. The 
stable isotope results may not be as reliable partly because of the prey overlap, but also because 
at the assumed 80:20 ratio, stable isotope values from proteinaceous tissues may poorly represent 
the lipid-rich diet of polar bears. Additionally, diet estimates based on hair stable isotope ratios 
may reflect longer-term feeding than adipose fatty acids. Although controlled feeding trials have 
not been done on polar bears, adipose tissues are suspected to have a relatively high turnover 
rate, and thus to represent more recent feeding activity in the winter/spring based on sample 
collections in March-May. This time frame would favor ice-seals in the diet estimates (Iverson et 
al. 2006). Conversely, carbon and nitrogen isotopes are deposited in hair only during growth, and 
once deposited remain constant, not altered by hibernation or fasting (Rode et al. 2016). Stable 
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isotope-based diet estimates from whole hairs may be more likely, therefore, to represent the diet 
in the summer/autumn, when molting/hair growth presumably occurs (Rogers et al. 2015) and 
due to the ~100 days it takes for isotopes in hair to equilibrate with diet (Rode et al. 2016). 
However, the exact timing of hair growth in polar bears has not been determined and remains an 
uncertainty with respect to the time period reflected by hair stable isotope ratios. Nonetheless, if 
hair isotopes do reflect summer/autumn, this would be similar to the period during which 
onshore foraging is at its highest due to the sea ice minima, availability of bowhead whale piles, 
and potential phenological match with seabird nestling availability (K. Rode personal 
communication, Atwood et al. 2016, Iverson et al. 2014). This may also, in part, contribute to the 
higher SIAR estimates for seabird and bowhead whale compared to the QFASA estimates.   
 In conclusion, our findings suggest that onshore prey items may represent important 
foods for SB polar bears both currently and dating back to at least 2004. Nonetheless, the 
proportional diet estimates do not indicate whether these novel onshore food resources allow SB 
polar bears to meet energetic requirements necessary in a changing Arctic. In addition, the 
tracers used provided differing estimates, likely due to a combination of reflecting different time 
scales, different diet sources (protein versus lipid) due to isotopic routing, and issues with the 
prey distinction in the SIAR estimates. It is important to consider both the lipid and protein 
sources when assessing polar bear feeding ecology, therefore, future studies should incorporate 
both fatty acid-based analysis and stable isotope mixing models when assessing diet, since 
relying on a single estimate could lead to erroneous interpretation. Additionally, capturing the 
full breadth of potential prey sources associated with onshore habitat use will be essential to 
modeling diet changes for SB polar bears. Our findings suggest that further research on seabird 
feeding by SB polar bears is warranted.    
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Tables & Figures 
 
Table 1.1:  Mean (± SE) diet estimates indicating the percentage of each prey species consumed 
by southern Beaufort Sea polar bears according to sex/age class. 
Polar 
Bear 
Sex/age 
class 
Bearded Seal   
(%)  
Ringed Seal  
(%) 
Beluga Whale 
(%) 
Bowhead Whale 
(%) 
Seabird 
(%) 
Individual 
Estimates 
Combined 
Estimate1 
Individual 
Estimates 
Combined 
Estimate 
Individual 
Estimates 
Combined 
Estimate 
Individual 
Estimates 
Combined 
Estimate 
Individual 
Estimates 
Combined 
Estimate 
Adult 
Female 
Fatty Acid 
17.8     
± 1.6  
15.1      
± 1.3 
49.5      
± 1.4  
44.3     
± 1.2 
3.7       
± 0.8  
4.4  
± 0.7 
11.2      
± 1.1  
14.4       
± 0.9 
17.7     
± 1.1  
21.8      
± 1.0 
Adult 
Female 
Stable 
Isotope 
4.1  
± 0.5 
23.5     
± 2.2 
6.9       
± 0.8 
27.5       
± 0.6 
38.0       
± 1.8 
Adult 
Male  
Fatty Acid 
25.4 ± 
2.0  
21.7     
± 1.6 
33.7     
± 1.5  
32.0     
± 1.3 
4.3       
± 0.9  
6.3 
 ± 0.8 
18.2       
± 1.3  
19.2      
± 1.1 
18.3       
± 1.1  
20.8        
± 0.9 
Adult 
Male 
Stable 
Isotope 
7.0 
 ± 1.0 
25.0     
± 2.5 
14.0     
± 1.7 
23.1       
± 0.8 
30.9      
± 2.0 
Sub-adult 
Female 
Fatty Acid 
18.8     
± 2.9  
16.1      
± 2.3 
53.0     
± 2.6  
47.7     
± 2.2 
2.8       
± 1.6  
4.4 
 ± 1.4 
11.9         
± 2.1  
13.7       
± 1.7 
13.5          
± 1.6  
18.0      
± 1.4 
Sub-adult 
Female 
Stable 
Isotope 
5.6       
± 1.1 
26.2     
± 3.4 
11.2     
± 2.0 
21.0        
± 1.3 
36.0       
± 3.0 
Sub-adult 
Male 
Fatty Acid 
22.5      
± 3.7  
19.6      
± 3.0 
40.6     
± 3.2  
37.6      
± 2.6 
3.4  
± 1.7  
5.7  
± 1.5 
18.4      
± 3.1  
18.4       
± 2.5 
15.1       
± 2.7  
18.6       
± 2.3 
Sub-adult 
Male 
Stable 
Isotope 
8.04      
± 1.9 
25.76    
± 3.78 
14.8     
± 2.9 
18.7     
± 1.6 
32.7          
± 3.4 
1 year old 
Cub 
Fatty Acid 
27.0     
± 3.7  
24.0      
± 3.1 
47.5     
± 2.8  
42.5      
± 2.6 
0.9 
 ± 0.8  
3.9 
± 1.3 
10.5     
± 2.5  
12.7        
± 2.3 
14.2        
± 2.2  
16.9        
± 2.2 
1 year old 
Cub 
Stable 
Isotope 
12.2     
± 5.0 
22.5     
± 6.1 
16.1     
± 5.5 
21.3     
± 5.9 
27.9        
± 6.5 
2 year old 
Cub 
Fatty Acid 
24.3     
± 5.5 
 
21.5      
± 4.4 
51.9     
± 2.6 
 
45.7     
± 2.3 
4.3 
± 2.4 
 
6.2        
± 2.1 
6.3 
± 3.6 
 
11.1            
± 3.0 
13.2      
± 3.5 
 
15.5       
± 3.0 
2 year old 
Cub 
Stable 
Isotope 
10.1     
± 3.2 
21.1     
± 4.8 
13.7     
± 3.9 
30.6     
± 3.9 
24.6         
± 4.9 
1 “Combined Estimate” refers to the weighted average of the fatty acid and stable isotopes based 
estimates, assuming they are representative of lipid and protein consumption, respectively, and 
assuming a lipid:protein intake of 4:1 (Best 1985). 
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Figure 1.1: Mean (±SE) percentage of prey estimated by quantitative fatty acid signature 
analysis (QFASA) in the diets of southern Beaufort Sea (SB) polar bears from 2013-2016. Blue 
bars represent ice-obligate prey and gray bars denote onshore food resources.  
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Figure 1.2: Relationship of the percentages of A) ringed seal B) bearded seal C) beluga whale 
D) seabird and E) bowhead whale estimated in the diets of 2013-2016 southern Beaufort Sea 
(SB) polar bears to polar bear body mass index (BMI). Diets were estimated by quantitative fatty 
acid signature analysis (QFASA). Trend lines are shown for significant relationships (p < 0.05). 
 
  
33 
 
 
 
Figure 1.3: Relationship of mean (±SE) proportion of prey species estimated using quantitative 
fatty acid signature analysis (QFASA) in the diets of southern Beaufort Sea (SB) polar bears 
with capture year from 2004 to 2016 for A) marine prey and B) onshore prey resources 
demonstrating high inter-annual variability.   
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Figure 1.4: Percentage of individual prey species consumed as estimated using quantitative fatty 
acid signature analysis (QFASA) by sex/age class of southern Beaufort Sea polar bears sampled 
in 2004-2016,  including ice-associated or marine (prey in blue) A) ringed seal , B) bearded seal, 
and C) beluga whale , and presumed onshore-based (prey in grey) D) seabirds and E) bowhead 
whale carcass. Abbreviations used to denote sex/age class groups are as follows: AF= adult 
female, AM= adult male, C1= one-year old cub, C2= two-year old cub, SF= sub-adult female, 
SM= sub-adult male. 
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Figure 1.5: Boxplots of prey-on-prey simulation runs from quantitative fatty acid signature 
analysis (QFASA) using a prey library for southern Beaufort Sea polar bears showing results for 
A) bearded seal, B) ringed seal, C) beluga whale, D) bowhead whale, and E) seabirds. 
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Figure 1.6: Histograms of diet estimates for each sex/age class of southern Beaufort Sea polar 
bears generated from stable isotope mixing models using the ursid specific tropic enrichment 
factors (TEF) values. 
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Appendix 1 
 
Table A.1.1 Mean (± SE) fatty acid profiles (mass % of total) for homogenate black guillemot 
(Cepphus grylle mandtii) eggs and nestlings from Cooper Island.  
Fatty acid (‘dietary’)  mean ± SE 
  
Fatty acid (‘dietary’) mean ± SE 
Saturated fatty acids (SFA)    Polyunsaturated fatty acids (PUFA) 
12:0 0.03 ± 0.01   16:2n-6 0.02 ± 0.00 
13:0 0.00 ± 0.00   16:2n-4 0.10 ± 0.01 
14:0 0.39 ± 0.04   16:3n-6 0.06 ± 0.01 
iso15:0 0.02 ± 0.00   16:3n-4 0.06 ± 0.05 
          
anti15:0 0.01 ± 0.00   16:4n-3 0.06 ± 0.00 
15:0 0.09 ± 0.01   16:4n-1 0.68 ± 0.13 
iso16:0 0.03 ± 0.01   18:2Δ5,11 0.04 ± 0.00 
16:0 17.5
2 
± 0.68   18:2n-7 0.02 ± 0.00 
7Me16:0 0.14 ± 0.01   18:2n-6 0.93 ± 0.10 
iso17:0 0.05 ± 0.00   18:2n-4 0.08 ± 0.01 
17:0 0.18 ± 0.01   18:3n-6 0.04 ± 0.01 
18:0 10.6
9 
± 0.92   18:3n-4 0.05 ± 0.01 
20:0 0.50 ± 0.08   18:3n-3 0.15 ± 0.01 
Monounsaturated fatty acids (MUFA)   18:3n-1 0.03 ± 0.00 
14:1n-9 0.03 ± 0.00   18:4n-3 0.09 ± 0.02 
14:1n-7 0.01 ± 0.00   18:4n-1 0.09 ± 0.01 
14:1n-5 0.02 ± 0.00   20:2n-6 0.55 ± 0.13 
15:1n-8 0.00 ± 0.00   20:3n-6 0.32 ± 0.09 
15:1n-6 0.00 ± 0.00   20:4n-6 5.42 ± 0.81 
16:1n-11 0.15 ± 0.01   20:3n-3 0.48 ± 0.18 
16:1n-9 0.52 ± 0.04   20:4n-3 0.15 ± 0.07 
16:1n-7 3.25 ± 0.42   20:5n-3 3.96 ± 0.51 
16:1n-5 0.03 ± 0.00   21:5n-3 0.03 ± 0.01 
17:1 0.13 ± 0.01   22:4n-6 0.41 ± 0.08 
18:1n-11 0.23 ± 0.02   22:5n-6 0.09 ± 0.02 
18:1n-9 34.9
530 
± 2.55   22:4n-3 0.01 ± 0.00 
18:1n-7 5.58 ± 1.02   22:5n-3 1.23 ± 0.09 
18:1n-5 0.43 ± 0.03   22:6n-3 5.81 ± 0.41 
20:1n-11 20.4
5 
± 0.06       
20:1n-9 1.67 ± 0.15   ∑SFA 29.6 ± 0.58 
20:1n-7 0.40 ± 0.05   ∑MUFA 49.2 ± 2.53 
22:1n-11 0.17 ± 0.04   ∑PUFA 21.0
2 
 
± 2.29 
22:1n-9 0.14 ± 0.02   ∑n-3 (omega-3) 12.0 ± 1.12 
22:1n-7 0.04 ± 0.01   ∑n-6 (omega-6) 7.88 ± 1.16 
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Table A.1.2: Mean (± SE) carbon and nitrogen stable isotope ratios in hair of southern Beaufort 
Sea polar bears (n = 98), black guillemot nestling and egg homogenates (n = 23), and those 
previously reported in muscle tissue of potential marine mammal prey species.  
Species Mean (±SE) δ13C (‰) Mean (±SE) δ15N (‰) Reference 
Bearded Seal  
(Erignathus barbatus) 
-17.2 ± 0.2 16.8 ± 0.4 Rogers et al. 2015 
 
 
Rogers et al. 2015 
 
Rogers et al. 2015 
Ringed Seal                   
(Pusa hispida) 
-19.4 ± 0.2 17.7 ± 0.2 
Bowhead Whale     
(Balaena mysticetus) 
-20.8 ± 0.3 14.3 ± 0.3 
Beluga Whale 
(Delphinapterus leucas) 
-18.1 ± 0.1 17.7 ± 0.2 Cherry et al. 2011 
Black Guillemot 
(Seabird) (Cepphus grylle 
mandtii) 
-19.99 ± 0.09 17.98 ± 0.09 
This study 
Polar Bear                   
(Ursus maritimus) 
-17.19 ± 0.05 20.39 ± 0.08 This study 
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Figure A.1.1: Results from pseudo-predator simulations for quantitative fatty acid signature 
analysis (QFASA) of southern Beaufort Sea polar bears using calibration coefficients (CC) 
(Iverson et al. 2004). Boxplots show simulated data for the prey species given a ‘true’ diet of 
20% bearded seal, 45% ringed seal, 5% beluga whale, 15% bowhead whale, and 15% seabird.  
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Chapter 2  
 
Influence of environmental contaminant exposure and habitat use on cytokine expression of 
Alaskan polar bears 
 
Jennifer Bourque2 
 
Abstract 
 A portion of the subpopulation of southern Beaufort Sea (SB) polar bears (Ursus 
maritimus) has been documented spending an extended period onshore in the summer as Arctic 
sea ice cover has waned. This shifting habitat selection and subsequent diet patterns have the 
potential to alter the exposures to, and effects of, other stressors such as environmental 
contaminants, including total mercury (THg), polychlorinated biphenyls (PCBs), and 
organochlorine pesticides (OCs), all of which have been shown to impact the immune system. 
This study evaluated factors influencing circulating concentrations of contaminants as well as the 
immune response, represented by cytokines, of SB polar bears in relation to onshore and offshore 
habitat use and tissue concentrations of THg (and selenium (Se):THg ratios), ƩPCB, and ƩOC. A 
commercially-available multiplex canine cytokine panel was validated to quantify five important 
pro- and anti-inflammatory cytokines in polar bears: tumor necrosis factor alpha (TNF-α), 
interleukin 6 (IL-6), IL-8, IL-10, and interferon gamma-induced protein 10 (IP-10). This panel 
was then used to measure cytokines from 52 SB polar bears sampled in the springs of 2013 and 
2014. Results showed high variability in plasma cytokine concentrations among individuals. 
                                                          
2 Chapter 2 prepared for journal submission with coauthors: Milton Levin, Todd C. Atwood, Christian Sonne, Rune 
Dietz, Trine H. Jensen, Erin Curry, and Melissa A. McKinney. Plural pronouns are used to represent the 
contributions of coauthors in preparation for future publication. 
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Contaminant analysis showed BMI to be the most influential factor explaining the variation of 
ƩPCB, ƩOC, and THg concentrations. Cytokine concentrations varied with concentrations of 
ƩPCB and ƩOC, and by age class (p < 0.05), but not explicitly with our habitat use classification, 
THg, or Se:THg. Yet, concentrations of ƩPCB were found to decrease with BMI more for 
individuals classified as onshore (r2 = 0.26 p = 0.01), suggesting that exposure to different 
environmental stressors linked to habitat use influences immune response. In conclusion, habitat 
use was found to influence contaminant exposure, a driver of immune response in SB polar 
bears.  
 
Keywords: Ursus maritimus, cytokines, sea ice loss, immune response, contaminants, Arctic 
 
Introduction 
  The Arctic is undergoing dramatic changes that have the potential to alter the health of 
marine mammal populations, including polar bears (Ursus maritimus). Changes in polar bears’ 
habitat use and diet may affect exposures to, and risks posed by, multiple immune system 
stressors, including nutritional restriction and body condition, pathogen/parasite exposures, and 
contaminant exposures, including mercury (Hg), polychlorinated biphenyls (PCBs), and 
organochlorine (OC) pesticides (Rode et al. 2015, Dyck and Kebreab 2009, Atwood et al. 2017, 
Pagano et al. 2018). However, the relationship of altered habitat use in conjunction with 
changing contaminant exposures has not been investigated, in part, because methods to assess 
broad aspects of immune function and its variation among polar bears require further 
development.    
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  The proportion of polar bears using onshore habitat has increased contemporaneously 
with reduced sea ice since c. 2000 in the southern Beaufort Sea (SB) subpopulation, located off 
the North Slope of Alaska, USA and western Canada (Schliebe et al. 2008, Atwood et al. 2016). 
The majority of the SB bears documented using onshore resources congregate around bowhead 
whale (Balaena mysticetus) “bone piles” leftover from subsistence harvests in the region 
(Atwood et al. 2016). Onshore prey items, including whale carcasses and seabirds, may represent 
novel sources of exposure to contaminants and/or pathogens for polar bears relative to those 
found in their traditional sea ice habitats (Braune et al. 2002, Van Hemert et al. 2014, Divoky et 
al. 2015, Atwood et al. 2017). Pathogens may be especially prevalent preserved in soil near the 
bone piles (Tryland et al. 2014, Atwood et al. 2017). Additionally, onshore foraging increases 
the likelihood of interactions with species carrying different pathogens including grizzly bears 
(Ursus arctos) and seabirds, as well as species associated with human settlements, such as 
domestic dogs (Canis familiaris) (Anthony et al. 2012, Van Hemert et al. 2014, et al. 2015, Rode 
et al. 2015). Blood-based measurements of pathogens in SB polar bears have shown that 
Toxoplasma gondii (T. gondii), Coxiella burnetii, Brucella spp., and morbillivirus (distempter) 
are established in the subpopulation and frequencies depend on life stage and behavior (Kirk et 
al. 2010). Furthermore, higher seroprevalence of T. gondii was found in SB polar bears using 
onshore habitat than those using sea ice year-round (Atwood et al. 2017).   
 Increased use of onshore habitat in the SB subpopulation has altered their exposure to key 
Arctic contaminants of concern, including mercury and persistent organic pollutants (POPs). For 
example, total mercury (THg) in SB polar bear hair declined from 2004 to 2011, a trend that was 
linked to altered feeding habits and body condition (McKinney et al. 2017b). Lower levels of 
chlordane, an OC pesticide, were similarly reported for SB polar bears using onshore resources 
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versus those remaining on the sea ice, although no differences were observed for other POPs, 
including PCBs and other OC pesticides (Atwood et al. 2017). Therefore, exposure to these 
contaminants, and potentially other untested contaminants, differ based on the habitat use of SB 
polar bears.   
 Concern for the increased vulnerability of polar bears to disease in response to changes in 
exposure to environmental stressors has been expressed (Fagre et al. 2015). Due to polar bears 
being isolated from many insect and terrestrial vectors in the Arctic, historic exposures to 
pathogens/parasites and rates of disease have been suggested to be low based on studies of the 
genetic diversity associated with their major histocompatibility complex (Weber et al. 2013). 
Recently, however, increased disease occurrence has been noted; for example, an elevated 
incidence of alopecia (hair loss) was reported for the SB subpopulation in 2012 (Atwood et al. 
2015b). Alopecia prevalence was highest for sub-adult polar bears and for those individuals 
captured close to Prudhoe Bay, situated proximate to the Cross Island bone pile and to high 
industrial activity in the form of oil extraction installations. Shifting prey resources leading to 
nutritional inadequacies and altered contaminant exposures were identified through 
transcriptomics analysis as potential contributors to the alopecia syndrome, via potential 
alterations in immune system function in SB polar bears (Bowen et al. 2015).    
  Assessing polar bear immune function in relation to environmental stressors, including 
habitat change, nutritional stress, pathogen prevalence, and contaminant exposures, has been 
identified as critical for improved understanding of their health (Vongraven et al. 2016). Eleven 
of 19 subpopulations have shown PCB and OC levels above a calculated risk quotient for 
immune effects (Dietz et al. 2015). There was also a negative association found between 
immunoglobulin G (IgG) antibody levels and PCB and OC concentrations in blood plasma of 
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Barents Sea polar bears (Bernhoft et al. 2000). Recently, higher white blood cell counts were 
found in onshore SB polar bears relative to those sampled on the sea ice, which was suggested to 
be related to onshore bears having increased contact with pathogens (Whiteman et al. 2019). 
These studies required multiple field campaigns and laid the groundwork for understanding the 
fundamentals needed to assess immune function, yet methods applicable to collection location 
and tissue types from existing annual fieldwork activities are still needed (Lie et al. 2004, 2005, 
Whiteman et al. 2019). 
 The complexity of the immune system highlights the need for a systematic approach to 
evaluate a broad suite of immune assays for polar bears and marine mammals, as opposed to 
single indicators. In an attempt to better assess a panel of immune assays, recent studies have 
investigated expression of cytokines, which are messenger protein molecules secreted from a 
variety of immune cells to stimulate either a pro-inflammatory or anti-inflammatory response 
and include interferons (INF), interleukins (IL), interferon gamma-induced protein (IP), and 
tumor necrosis factors (TNF). Individual cytokines are not specific to only one process, but are 
secreted to initiate or suppress a variety of immune responses including the up/down regulation 
of T helper 1 (Th1) response for cell-mediated immunity or Th2 response promoting humoral 
immunity (Kuby 2012). Blood plasma can be used to measure cytokine expression, as well as 
levels of circulating POPs, and does not require additional field sampling. Furthermore, we chose 
cytokines due to their ability to be retroactively measured on properly stored samples and the 
relatively minimal invasive techniques required compared to other tests for immune response.  
 To facilitate the analysis of cytokine expression for marine mammals, commercial 
cytokine panels for humans and canines were previously investigated for use on pinniped species 
(Levin et al. 2014). Cross-reactivity with pinniped species was found using the commercial 
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canine kit, and since both pinnipeds and ursids fall under the sub-class Caniformia (Delisle and 
Strobeck 2005), the same canine cytokine panel was chosen to assess cross-reactivity with polar 
bear cytokines. Here, we validate a cytokine panel as a new method of assessing immune 
function that has the potential to be easy to replicate and comparable across studies. 
Additionally, we evaluated the factors that influenced the circulating concentrations of 
contaminants considering demographics, habitat use, and/or body condition. We further used the 
validated cytokine panel to test the hypotheses that habitat use, demographics, and/or the 
aforementioned contaminant exposures cumulatively affect the immune function in SB polar 
bears. 
 
Methods 
PBMC preparation and cryopreservation 
 Whole blood was collected from polar bears housed in zoos (PB1: male collected from 
the Copenhagen Zoo on April 08, 2016, PB2: male collected from the Cincinnati Zoo on 
November 8, 2016, PB3: female collected from the Aalborg Zoo on September 23, 2013). Bears 
from captivity were used due to known health conditions and limited contaminant exposure. The 
Cincinnati Zoo polar bear’s whole blood was collected in sodium heparin Vacutainer blood 
tubes, placed on cold packs, and shipped overnight to the University of Connecticut. Peripheral 
blood mononuclear cells (PBMCs) from whole blood were isolated as previously described 
(Desforges et al. 2017). Briefly, whole blood was gently mixed 1:1 with Hanks Balanced Salt 
Solution (HBSS, Life Technology, Grand Island, NY) at room temperature. The PBMCs were 
isolated by density gradient centrifugation on Ficoll-Paque PLUS 1.077 for 40 min at 990 g at 25 
°C. Cells were collected, washed twice with complete Dulbecco’s modified eagle medium 
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(DMEM), assessed for viability, and counted on a haemocytometer using trypan blue with 
visualization from a light microscope. Typically, cell viability was > 90%. Complete DMEM 
was supplemented with (all from Life Technologies, Grand Island, NY) 1 mM sodium pyruvate, 
100 µM non-essential amino acids, 25 mM HEPES, 2 mM l-glutamine, 100 U/ml penicillin and 
100 µg/m streptomycin, along with 10% fetal bovine serum (Hyclone, Logan, UT). Additionally, 
two canine whole blood samples (in sodium heparin Vacutainer blood tubes; Lampire Biological 
Laboratories, Pipersville, PA) underwent the same process to isolate PBMCs, to serve as positive 
controls. Fresh whole blood from one polar bear each from the Copenhagen and Aalborg zoos 
was collected and PBMCs were isolated as previous described (Levin et al. 2014). Briefly, 
within 2-3 hours, whole blood was centrifuged at 220 g for 20 min, and buffy coats were 
carefully removed using sterile transfer pipettes and transferred to new 50 ml conical tubes. 
Buffy coats were washed once with Hanks Balanced Salt Solution (HBSS; Gibco, Grand Island, 
NY) and peripheral blood mononuclear cells (PBMC) were isolated by density gradient 
centrifugation using Ficoll-Paque PLUS 1.077 (GE Healthcare, Pittsburgh, PA) at 400 g for 30 
min. Isolated PBMCs were washed twice with HBSS, assessed for viability and counted.  
 After assessing viability, PBMCs were adjusted to 10 × 106 cells/ml and cryopreserved 
in a 10% solution of dimethyl sulfoxide (DMSO; Sigma Aldrich, St Louis, MO) in fetal 
calf serum (FCS; HyClone, GE Healthcare, Logan, UT) as previously described (De Guise et al. 
1997). Samples were then transferred to a liquid nitrogen container, and then shipped to the 
laboratory of Dr. Milton Levin at the University of Connecticut, Storrs, Connecticut. Danish 
samples were shipped using a US Fish and Wildlife Service, Federal Fish and Wildlife permit 
(#MA48161A-0). 
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Validation of canine cytokine panel for polar bears 
 To check for cell activation before validation, each sample was run through a 
proliferation assay under both 48 and 66 hour incubation; consequently, PB1 was removed from 
the validation due to low proliferation levels. Supernatant was collected from the cultured 
PBMCs for all remaining polar bear and canine samples and used to assess for the specificity of 
the cross-reactivity of polar bear cytokine expression on a MILLIPLEX MAP Canine 
Cytokine/Chemokine Magnetic Bead Panel (Millipore, Billerica, MA). Antibodies to detect IL-2, 
IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, IP-10, KC-Like, MCP-1, and GM-CSF are provided in the 
canine cytokine kit. For the cytokine panel validation, each polar bear/canine sample was split 
into three wells stimulated with: no mitogen, lipopolysaccharide (LPS) for B-lymphocyte 
immune response, and concanavalin A (ConA) to initiate a T-lymphocyte response. The blood 
supernatants were stimulated following previously described methods (Levin et al. 2014).  
 The plate was run on a Bio-Plex 200 instrument (Bio-Rad, Hercules, CA) following 
incubation and conjugation and analyzed using the Bio-Rad Manager 5.0 software. Cross-
reactivity was assessed by comparing the expression of the two polar bear samples relative to the 
two positive controls to determine validation for cytokines. Cytokines that expressed similar 
patterns for the polar bears as for the canine controls across the three different treatments for 
were considered to be validated for polar bears. Concentrations (pg ml-1) of the validated 
cytokines were quantified based on a curve fitted to the kit’s standards, prepared as 1/4 serial 
dilutions, which were run concurrent to the samples. Samples above the range of the software 
were assigned the highest value on the standard curve, whereas any sample below detection limit 
was given a value of 0 pg ml-1. 
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Sampling of free-ranging SB polar bears  
 Sampling of blood and hair samples from SB polar bears (n = 52, n = 50, respectively) 
occurred between March and May in 2013 and 2014 on the sea ice between Utqiaġvik and the 
Canadian border (157-141⁰ W). Sampling protocol for the plasma samples was previously 
described (Atwood et al. 2017). Briefly, blood samples from sub-adult and adult bears were 
drawn into additive-free and EDTA-treated Vacutainer tubes, centrifuged at 3,500 rpm for 5 
minutes to separate plasma, and stored at −80 °C until analysis. Full length hair samples 
including the root and tip were plucked from the hindquarters. Age class was assigned to each 
individual bear based on age determined from the cementum annuli of a vestigial premolar 
sampled at initial capture (Calvert and Ramsay 1998). Sub-adults were classified as 2- to 4-year 
old independent bears, whereas individuals ≥ 5 years old were considered to be adults. Samples 
from dependent cubs were not used in this study. Body mass index (BMI) was calculated from 
the straight-line body length (straight from tip of muzzle to base of tail) and weight of captured 
bears.  
 Onshore habitat use was categorized by the presence at bone piles or evidence of 
substantial onshore resource use. That is, first, hair snags from bowhead whale piles were 
genetically identified and matched to captured bears. A bear was classified as onshore if it was 
snagged at a bone pile in the fall before spring capture and sampling. Second, a bear was 
classified as onshore if bowhead whale was identified in chemical tracer-based diet estimates. 
Diet estimates were generated using quantitative fatty acid analysis using adipose tissue sampled 
at the same time as the blood plasma (Bourque et al., in preparation). Previously, a 5% threshold 
(Atwood et al. 2016) was used for onshore use; however, here, we selected a more conservative 
10% bowhead consumption threshold due to the low number of collared bears to validate this 
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metric with the current dataset. Bowhead whale carcass foraging was of particular focus since 
the majority of bears on land are in close proximity to a bone pile (Wilson et al. 2017). If either 
the hair snag, diet estimates, or both metrics indicated onshore habitat use during the ice-free 
season, the individual was given a classification of “onshore”. 
 
Cytokine assays on free-ranging SB polar bears 
 Whole blood sampled from SB polar bears was collected in additive-free and EDTA-
treated vacutainer tubes and kept cool, but above freezing, until centrifuged for 5 min at 3,500 
rpm to separate plasma from red blood cells. Plasma was then subsampled into multiple 2 ml 
aliquots per bear (n = 52) and stored at -20 °C during fieldwork and then at -80°C at the 
University of Connecticut until analysis. The samples were prepared for the Millipore canine 
panel following plasma specific protocols and run on the Bio-Rad Bio-Plex 200 platform.  
 
Contaminant analysis 
 Analysis of plasma PCB and OC concentrations from the same polar bears (n = 52) as in 
the cytokine assay was performed and reported previously (Atwood et al. 2017). Concentrations 
were reported in ng g-1 wet weight (w.w.). However, the habitat use classification changed for 
some individuals since diet estimates were not previously generated for the 2013-2014 sampled 
bears and only hair snag data were used for prior classification (Bourque et al., in preparation). 
THg and selenium (Se) were determined in full-length hairs, which were available for 50 of the 
52 polar bears analyzed for cytokines and organic contaminants. Se was measured due to 
suggested protective effects against Hg toxicity due to its binding affinity with Hg (Li et al. 
2014). Hairs were cleaned with a 5% concentrated soap solution (concentrated low-foaming 
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cleaning agent, Decon Labs Inc., King of Prussia, PA), rinsed with deionized water, and 
weighed, prior to acid digestion. THg concentrations were determined by cold-vapor atomic 
absorption spectrometry following established protocols (McKinney et al. 2017b, U.S. EPA 
1998) at the Center of Environmental Science and Engineering (CESE) in Storrs, CT. Hair THg 
and Se concentrations were reported as µg g-1 dry weight (d.w.). Molar ratios of Se:THg were 
calculated as follows: ([Se] / 78.96 g mol-1) / ([THg] / 200.59 g mol-1).  
 
Quality control 
 All instrument calibration and validation tests passed for the Bio-Plex 200 prior to each 
run according to manufacturer’s instruction and using the Bio-Rad Validation and Calibration 
kits (Bio-Rad, Hercules, CA). Additionally, for the cytokine validation all samples were run on 
the same kit to eliminate variability between days or kits.  For THg and Se analysis, precision 
was tested by duplicates run for 6% of the samples; concentrations were within 8.0 - 22.8% and 
1.9 - 22.0%, respectively. All blanks were below detection limits, which were determined to be 
0.1 µg g-1 for THg and 0.25 µg g-1 for Se, with corresponding sample sizes averaging 0.002 g 
and 0.01 g. Recoveries of spiked samples ranged between 95-113% for THg and 98-107% for 
Se. Standards from the National Research Council of Canada were used to assess accuracy of 
reported values; DORM-3 recoveries were 81% for THg and 120% for Se (one run each), and for 
two runs of DOLT-4, recoveries ranged from 89-119% for THg values 95-101% for Se. Quality 
control for OC and PCB analysis was previously reported (Atwood et al. 2017).  
 
Data analysis 
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 Hair THg and Se concentrations, plasma ∑PCB and ∑OC concentrations, and plasma 
cytokine concentrations were reported as arithmetic mean ± standard error (SE). Concentrations 
of ƩOC and ƩPCB were used for analysis given that individual congeners/compounds within 
each contaminant class were generally correlated.  
 To assess bears exposure to contaminants, we use 10 candidate models that represent the 
influence of BMI, demographics and habitats.  The candidate model-set also included a null 
model and the following global model:  
Contaminants (∑PCB, ∑OC, THg, Se, or Se:THg) ~ BMI + sex + age class + habitat use + habitat use × BMI  + 
habitat use × sex + habitat use × age class + sex × age class + sex × BMI 
All candidate models were generalized linear models (GLMs), and contaminants were log(x+1) 
transformed to approximate normal distributions. Seven individuals were missing BMI 
measurement, and were omitted due to BMI being the only continuous variable, and the values 
being missing at random due to the spread of demographics among individuals (i.e. not just 
biased by heavy adult males). Dummy variables were assigned to categorical variables: sex as 0 
= female 1 = male, age class as 0 = adult and 1 = sub-adult, and habitat use as 0 = offshore and 1 
= onshore.  
 Similar to the contaminant modeling, we ran 14 candidate models in addition to the null 
and global models to assess the influence of contaminant exposure, demographics, and habitat 
use on the variation in cytokine response within the SB subpopulation. The global model used 
was: 
Cytokine-Index ~ ƩOC + ƩPCB + THg (or Se:THg) + sex + age class + habitat use + habitat use × ƩOC + habitat 
use × ƩPCB + habitat use × THg (or Se:THg) + habitat use × sex + habitat use × age class + sex × age class 
Candidate models were GLMs using an identity link. BMI was not included as a variable since 
body condition was previously reported to show opposing effects on innate versus adaptive 
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immune response (Whiteman et al. 2019), and this suite of cytokines are involved with both 
processes (Kuby 2012). Any correlated response variables were run in separate sets of models. 
Given a high degree of correlation between the levels of validated cytokines (r2 ranging from 
0.597 – 0.933, p < 0.001, except for IP-10: r2 < 0.001, p > 0.28) and the large number of non-
detects (ranging from ~19% in Il-10 to ~83% in TNF-α), we instead generated a single response 
variable using principal component analysis (PCA). Cytokines were not scaled to allow for 
responses to carry the variation seen as they were measured on the same scale, and the goal was 
to generate a single variable to represent overall response. PC1 was the only significant PC 
according to a Scree plot. Individual bear scores on PC1 were thus used as the single dependent 
variable (Cytokine-Index) in the overall model to represent the polar bears’ cytokine expression.  
 The residuals for the cytokine-index were found to be normally distributed when omitting 
a few extreme values. Nonetheless, these extreme values were included in the analysis, because 
we considered them to likely be biologically meaningful due to high response across all 
cytokines and since excluding them did not change the statistical significance of the results. All 
continuous independent variables were then centered and scaled. Correlations were calculated to 
check if any of the continuous independent variables were highly correlated (r2 > 0.5) prior to 
testing the model (Moore et al. 2013). Only bears having data for all variables in the model were 
included. Thus, three polar bears were excluded for lack of fatty acid-based diet estimates, which 
were used to classify bears as onshore or offshore. Two additional polar bears were excluded as 
no hair was available from these bears for THg and Se analysis. The model was thus tested on 
the remaining 47 polar bears.  
 Akaike’s Information Criterion adjusted for small sample size (AICc) was used to rank 
models and select the top ranked models, since n/k < 40 (k = number of parameters) using the 
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package AICcmodgav (Mazerolle 2016). Models were considered competitive ΔAICc < 2.0. 
Goodness of fit was assessed by comparing the null and residual deviance calculated by: 1- 
(residual deviance/null deviance). Student’s t-tests were used to assess whether significant 
differences in contaminant levels or cytokine concentrations occurred between categorical 
variables included in the top models. All statistics were completed using R (R Core Team 2018). 
Statistical significance was set at α = 0.05 so results are significant if p ≤ 0.05.    
 
Results 
Validation of canine cytokine assay for polar bears 
 For the responses of the ConA, LPS, and no mitogen stimulated samples across the two 
caniforme species, we found that five of the twelve tested cytokines were cross-reactive. The 
cytokines that were cross-reactive and responded strongest for the LPS mitogen were IL-10 and 
IL-6. ConA responses were highest for TNF-α and IP-10. IL-8 showed elevated levels of both 
LPS and ConA stimulated samples relative to the no mitogen samples across the panel (Figure 
2.1). The remaining seven cytokines are shown in the supplemental information (Figure A.2.1).  
 
Cytokine profiles of SB polar bears  
 Profiles of the cytokines in SB polar bears were highly variable with many non-detects 
for one or more cytokines (Figure 2.2). Yet, only three individual polar bears showed no 
expression of any of the cytokines. Cytokine expression for TNF-α averaged (± SE) 44.7 ± 25.6 
pg g-1 (max = 1195.4 pg g-1), IL-6 averaged of 87.4 ± 43.8 pg g-1 (max = 1725.5 pg g-1), IL-8 
averaged 176.1 ± 69.3 pg g-1 (max = 3448.1 pg g-1) , IL-10 196.0 ± 108.5 pg g-1 (max = 5154.4 
pg g-1), and IP-10 35.9 ± 20.3 pg g-1 (max = 943.4 pg g-1).  
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 The cytokine response variable, referred to hereafter as the cytokine-index, was generated 
from the scores along principal axis 1 from the PCA that included all validated cytokines. PC1 
explained 90.9% of the variation in cytokine profiles. The loadings on PC1 for each cytokine 
were as follows: IL-6 = 259.57, IL-8 = 500.65, IL-10 = 803.90, IP-10 = 4.53, TNF-α= 181.28 
(Figure 2.3). Correlations were found between the cytokine-index and all of the individual 
cytokines, except for IP-10 (r2 = 0.0004, p = 0.89).   
 
PCBs, OC pesticides, and mercury 
 Plasma concentrations of ∑PCB in 2013-2014 sampled SB polar bears ranged from 0.17 
to 52.63 ng g-1 w.w. with a mean of 13.01 ± 1.52 ng g-1. Model selection revealed that the 
variables best explaining the variation in ∑PCB concentrations were BMI and the interaction of 
BMI and habitat use (Table 2.1A). Both BMI alone, and the interaction with onshore habitat use, 
were significant (β = -0.32, p < 0.001, β = -0.32, p < 0.02, respectively). ƩPCB levels were 
negatively associated with BMI in onshore polar bears, but this trend was not significant for 
offshore bears (r2 = 0.26 p = 0.01, r2 = 0.16, p = 0.06, respectively) (Figure A.2.2). Plasma 
concentrations of ∑OC ranged from 6.63 to 45.82 ng g-1 w.w. with a mean of 19.46 ± 1.17 ng g-
1. The best fitting models included BMI, age class, and sex (Table 2.1B). Significance was only 
found for BMI, which was included in the top ranked and competing models (β < -0.31, p < 
0.001). These models indicated that ƩOC concentrations are inversely related to BMI. The main 
effect of sex and age class were not significant factors although they were included in the top 
models describing ƩOC variation (p > 0.15). Additionally, concentrations of ∑PCB and ∑OC 
were not correlated with one another (r2 = 0.37, p < 0.001). The top models explained 
between12.73 - 22.51% of the ƩPCB variation, and 54.63 – 58.11% of the ƩOC variation.  
55 
 
 The mean hair THg concentration in 2013-2014 sampled bears was 4.90 ± 0.49 µg g-1. 
Levels of Se averaged 0.67 ± 0.02 µg g-1. The ratio of Se:THg ranged from 0.16 and 1.37 and 
averaged 0.48 ± 0.04. The top ranked model for THg was a single variable model that showed a 
negative relationship (β = -0.02, p = 0.03). This model explained a modest amount of variance at 
11.15% (Table 2.1C). The null models for Se and Se:THg were within the top models, indicating 
that the tested variables did not explain more than just random variation.  
 
Factors influencing cytokine expression  
 Separate models assessing cytokine expression were run that replaced hair THg 
concentrations with the Se:THg ratios, given that THg and Se:THg were correlated (r2 = 0.53, p 
< 0.001) (Table A.2.1). The top performing models included ƩPCB ƩOC, and age class as 
variables of importance and explained between 8.46 – 14.67% of the variance (Table 2.2). The 
cytokine-index did not significantly differ between adults and sub-adults (t = -1.53, p = 0.15), 
although sub-adults had elevated cytokine expression as indicated by the model (β = 604.50, p = 
0.04). The cytokine-index increased with ƩOC concentrations (β = 463.84 p = 0.01), and 
decreased with ƩPCB levels (β = -431.20, p = 0.02). These top models included the same 
variables when THg was replaced by Se:THg. As well, neither THg nor Se:THg were included in 
any of the top models. Neither habitat use nor any first-order interactions of habitat use with 
other variables were found within the top models. When the same models were run without THg 
or Se:THg, and thus could include the two individuals lacking hair samples (both onshore 
classified), estimates only changed slightly, and no parameters gained or lost significance.   
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Discussion 
 Through validating the use of a commercial canine multi-plex cytokine panel for polar 
bears, this study has provided an important new approach to assess the immune system in this 
apex Arctic predator. Such studies are increasingly important within the context of 
environmental change-driven shifts in exposures of polar bears to potential immune system 
stressors (Fagre et al. 2015). This tool may be useful in the assessment of an individual’s 
immune function over multiple capture seasons, and thus in assessing population-level immune 
response to environmental stressors, or even in comparing immune function/response across 
subpopulations. Nonetheless, the implications of immune response variation can be challenging 
to interpret since heightened immune response could indicate proper immune function due to 
good fitness, or that the individual in question is in poor health and currently trying to eliminate a 
pathogen (Whiteman et al. 2019). Validation of this commercial cytokine panel allows for future 
study on polar bears in a reproducible manner allowing for many potential studies using similar 
metrics to study immune response. Additionally, the ability to measure multiple cytokines in a 
single sampling provides a functional assay for a broad view of the immune system, perhaps 
more likely to detect variation in immune function relative to or in tandem with other 
measurements (e.g., IgG titres).   
 The particular cytokines that were validated on the Millipore panel represent a variety of 
immune responses. Pro-inflammatory immune response is commonly represented by IL-6, IL-8, 
and TNF-α, whereas IL-10 expression often signifies an anti-inflammatory process. Moreover, 
humoral immunity can be represented with IL-6 or IL-10, and cell-mediated immunity 
represented through TNF-α expression. IL-10, which showed the highest influence on the 
cytokine-index, is also secreted by Th-2 to inhibit Th-1 expression (Kuby 2012). These 
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differences may be crucial in future studies on responses to specific pathogens for which there 
may be knowledge about the specific cytokines induced in the reaction. The generated cytokine-
index was representative of the cytokines that loaded strongly on PC1. IP-10, however, was not 
highly correlated with the cytokine-index, loading weakly on PC1. Therefore, within this 
analysis, the response of IP-10 was not well represented in the overall model relative to the other 
four cytokines, and results should not be interpreted to accurately represent variation for this 
individual cytokine.   
 The contaminant levels of onshore SB polar bears versus those remaining on the sea ice 
year-round highlights one of the consequences of the decision to use onshore resources in the 
changing Arctic. The interaction of BMI and habitat use demonstrates that for ƩPCB, individuals 
in better body condition and using onshore resources have lower contamination than those with 
low BMI. Furthermore, relationships between BMI and prey species were found for SB polar 
bears, showing a positive relationship with bowhead whale consumption, and a negative 
relationship with ringed seal feeding (Chapter 1). Thus, further connecting BMI to resource use 
and thus contaminant exposure. That is, the offshore individuals in the SB subpopulation are 
feeding extensively on ringed seals (Pilfold et al. 2012), which are at a higher trophic level than 
bowhead whales; thus, offshore SB bears incur greater exposure to biomagnifying contaminants 
than others in subpopulation that have decided to come ashore during the reduced ice period 
(Bentzen et al. 2008, Atwood et al 2017, McKinney et al 2017). This connection may have some 
sex specific implications as the highest proportion of bears using the bowhead whale bone piles 
are adult males, who consume ringed seals at lower proportions than adult females and juveniles 
(Atwood et al. 2015a, 2016, Chapter 1).  
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 Modeling the cytokine-index revealed ƩPCB and ƩOC concentrations were important 
drivers of variation, but had opposite effects on cytokine expression. These results are not 
consistent with previous studies that suggest both PCBs and OCs suppress immune function in 
polar bears (Lie et al. 2004, 2005), and thus results reported here may suggest disregulation of 
cytokine expression. In contrast to the Lie study where the immune function of recaptured bears 
was assessed, we compared the cytokine-index among individuals sampled at similar times. The 
bears with higher ∑OC and ∑PCB levels may have had an elevated immune response due to 
other unidentified environmental immune disruptors. Conversely, the plasma ƩPCB 
concentrations presented here (0.05 ± 0.01 μg g-1) and ƩOC (0.07 ± 0.00 μg g-1) were lower than 
a suggested level of 0.94 μg g-1 of a contaminant cocktail that reduces lymphocyte proliferation 
(Desforges et al. 2017), although brominated flame retardants were not included here. Unlike the 
organic contaminants, levels of hair THg were not lower for onshore bears, although they did 
decrease with higher BMI, as previously reported (McKinney et al. 2017b) and were not 
important in modeling cytokine variation. THg levels for this study (4.90 ± 0.49 µg g-1) were 
below thresholds previously reported for neurotoxicological effects (5.4 µg g-1); however, similar 
thresholds for immune function have not been described (Basu et al. 2009).  
 Overall cytokine expression was not found to differ with habitat use. This contrasts with 
the higher levels of neutrophils, monocytes, and total white blood cell counts previously found in 
SB polar bears captured onshore than offshore in the fall (Whiteman et al. 2019). In the 
Whiteman study the bears were classified in four groups based on capture location and season: 
May coastal, August onshore, October onshore, and October offshore (over deep water). 
However, the October offshore sampled bears in the Whiteman et al. (2019) study did not have 
different levels of these immune cells than spring sampled onshore or coastal bears; yet, all 
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sampling groups were different than the fall onshore bears. These results suggest that the 
immune cells may fluctuate with seasonal (including fasting stress) as well as spatial variation. 
The current study may not show the spatial variation that the Whiteman et al. (2019) study 
demonstrated since we categorized habitat use from the previous fall, but sampled polar bears for 
cytokines the next spring. Therefore, our measure of habitat use did not represent the same 
period as the cytokine expression, which reflects current immune response (Kuby 2012). This 
may be why, unlike for habitat use, the ƩPCB and ƩOC concentrations explained some of the 
variation in cytokine-index. That is, the ƩPCB and ƩOC concentrations represented circulating 
contaminant concentrations concurrently with circulating cytokine levels. Similarly, the 
cytokine-index was reflected by blood PCB and OC levels, but not by hair THg levels, given that 
hair growth, and thus circulating THg deposited into growing hair, likely occurred during the 
previous spring-summer period (Rogers et al. 2015). Furthermore, the interaction between 
habitat use and BMI was included in a top model describing ƩPCB variation, suggesting that 
exposure to different environmental stressors, such as that which does occur for the onshore 
versus offshore bears, may still influence immunity.   
 Age class was also important in explaining variation in the cytokine-index, specifically, 
differences between sub-adult and adult polar bears were identified in three of the top models. 
From the models, sub-adult male polar bears showed higher cytokine expression than adults. 
This finding is consistent with the connection between stress and immune function (Burek et al. 
2008); stress from extended physical exertion, which may be due to poor ice conditions or food 
availability has previously be linked to cytokine secretion (Suzuki et al. 1999). Sub-adult polar 
bears may be more susceptible to these stresses, since they are newly independent and are 
learning to hunt successfully on their own, and may have to compete with larger adult bears for 
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food (Stirling and McEwan 1975, Derocher et al. 2004). Nonetheless, differences in cortisol 
levels were not previously found among age classes of East Greenland polar bears, although they 
were linked to environmental fluctuations, specifically the North Atlantic Oscillation (Bechshøft 
et al. 2013).  
 Sex was not included in the top models explaining variation in cytokine expression. 
Consistent with this, no differences in T. gondii and Brucella spp. loads were reported between 
male and female SB polar bears (Atwood et al. 2017). Interestingly, previous research in 
Svalbard did find differences in pathogen exposure between males and females, which was 
suggested to be linked to variation in feeding on ringed seals versus bearded seals between the 
sexes (Jensen et al. 2010). Contaminants are also known to be offloaded from breeding females 
to their offspring through gestation and lactation, so although females may feed at a higher 
trophic position, they could have lower concentrations of these POPs as they age (Dietz et al. 
2004, Bytingsvik et al. 2012). These factors may obscure any differences in cytokine expression 
related to sex alone.     
 Despite the large deviance, the models were able to explain some of the variation found 
in cytokine expression across the sampled SB polar bears. In future studies, measuring potential 
drivers at the same or at least a similar time scale as the cytokine measurements will likely be 
important for improved understanding of immune responses to environmental change in SB polar 
bears. Additionally, there are still many factors that may influence cytokine levels, which were 
not assessed in this study. Further work could focus on linking this cytokine expression to 
simultaneous measurements of loads of specific blood-based pathogens (e.g., as assessed in 
Atwood et al. 2017). Including such variables may further clarify the major factors driving 
immune responses among individual SB polar bears, especially since the seroprevalence of T. 
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gondii was reported to differ between bears classified as onshore versus offshore (Atwood et al. 
2017). Furthermore, additionally measuring neutrophil levels would indicate if the individuals 
were currently fighting off an infection. Finally, larger sample sizes would also help to improve 
the strength of the models, allowing for more degrees of freedom and more parameters to be 
included. Nevertheless, this study has furthered understanding on the connections amongst SB 
polar bear habitat use, contamination, and immune function.  
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Tables & Figures 
 
Table 2.1: Candidate model set for generalized linear models (GLMs) explaining the variation of 
A) ƩPCB, B) ƩOC, and C) total mercury (THg) concentrations in southern Beaufort Sea polar 
bears sampled in 2013 and 2014 . 
A) ∑PCB MODELS 
Deviance 
Explained 
(%) 
AIC K AICc ∆AICc Weight 
BMI  22.51 84.94 3 85.53 0.00 5.44E-01 
habitat use × BMI 12.73 86.44 3 87.03 1.50 2.57E-01 
BMI + sex + age 25.83 86.97 5 88.51 2.98 1.23E-01 
habitat use × sex 17.41 89.81 3 90.40 4.87 4.77E-02 
habitat use  7.49 92.91 3 93.50 7.97 1.01E-02 
null 0.00 94.42 2 94.70 9.18 5.54E-03 
global 42.49 87.52 11 95.52 9.99 3.68E-03 
sex 1.93 95.54 3 96.13 10.60 2.72E-03 
habitat use × sex 3.05 95.83 3 96.42 10.89 2.35E-03 
age 0.49 96.19 3 96.78 11.25 1.96E-03 
sex + age 2.66 97.20 4 98.20 12.68 9.63E-04 
sex × age 2.70 99.19 3 99.77 14.24 4.39E-04 
 
 
B) ∑OC MODELS 
Deviance 
Explained 
(%) 
AIC K AICc ∆AICc Weight 
BMI 54.63 17.79 3 18.37 0.00 6.63E-01 
BMI + sex + age 58.11 18.20 5 19.73 1.36 3.36E-01 
global 62.13 25.66 11 33.66 15.29 3.17E-04 
habitat use × BMI 25.48 40.12 3 40.71 22.33 9.38E-06 
sex + age 23.69 43.19 4 44.19 25.81 1.65E-06 
sex × age 24.59 44.66 3 45.24 26.87 9.72E-07 
habitat use × sex  14.79 46.15 3 46.74 28.36 4.60E-07 
sex 11.42 47.90 3 48.48 30.11 1.92E-07 
age 9.77 48.73 3 49.31 30.94 1.27E-07 
null 0.00 51.36 2 51.64 33.27 3.96E-08 
habitat use 4.55 51.26 3 51.85 33.47 3.58E-08 
habitat use × age 0.41 53.17 3 53.76 35.38 1.38E-08 
 
63 
 
C) THg MODELS 
Deviance 
Explained 
(%) 
AIC K AICc ∆AICc Weight 
BMI 11.15 62.04 3 62.65 0.00 4.39E-01 
null 0.00 65.12 2 65.42 2.77 1.10E-01 
habitat use × BMI 4.94 64.95 3 65.56 2.91 1.03E-01 
habitat use × sex 3.86 65.43 3 66.05 3.39 8.05E-02 
habitat use 3.13 65.76 3 66.37 3.72 6.83E-02 
habitat use × age 1.78 66.35 3 66.96 4.31 5.08E-02 
BMI + age + sex 12.45 65.41 5 67.03 4.38 4.92E-02 
sex 0.81 66.77 3 67.39 4.73 4.12E-02 
age 86.71 66.94 3 67.55 4.90 3.79E-02 
sex + age 1.46 68.49 4 69.54 6.89 1.40E-02 
sex × age 1.76 70.36 3 70.97 8.32 6.86E-03 
global 19.84 73.62 11 82.13 19.48 2.59E-05 
 
a Deviance explained calculated by (1- (residual deviance/null deviance)). 
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Table 2.2: Candidate model set for generalized linear models (GLMs) explaining the variation of 
the cytokine-index in southern Beaufort Sea polar bears sampled in 2013 and 2014. 
Cytokine Models 
Deviance 
Explained 
(%) 
AIC K AICc ∆AICc Weight 
∑PCB + ∑OC 14.67 783.12 4 784.07 0.00 0.31 
age 8.46 784.42 3 784.98 0.91 0.20 
null 0.00 786.58 2 786.85 2.78 0.08 
sex + age 8.58 786.36 4 787.31 3.24 0.06 
∑OC 3.64 786.83 3 787.39 3.32 0.06 
∑PCB  1.91 787.67 3 788.23 4.16 0.04 
habitat use × age 1.67 787.78 3 788.34 4.27 0.04 
sex × age 1.09 788.06 3 788.62 4.55 0.03 
THg 0.81 788.19 3 788.75 4.68 0.03 
habitat use 0.60 788.29 3 788.85 4.78 0.03 
habitat use × THg 0.51 788.34 3 788.89 4.82 0.03 
habitat use × sex 0.30 788.44 3 789.00 4.92 0.03 
sex   0.10 788.53 3 789.09 5.01 0.03 
habitat use × ∑OC 0.10 788.53 3 789.09 5.02 0.03 
habitat use × ∑PCB 0.05 788.55 3 789.11 5.04 0.02 
global 29.02 794.47 14 807.59 23.52 0.00 
 
a Deviance explained calculated by (1- (residual deviance/null deviance)). 
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Figure 2.1: Validated cytokine responses (pg g-1) for no mitogen (NM) and two mitogen 
treatments (ConA and LPS) on blood supernatant of two zoo polar bears (PB) and two canine 
(Dog) samples. Validation was considered achieved if PB and Dog samples follow the same 
patterns across treatments. 
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Figure 2.2:  Boxplot of the expression of the five validated cytokines in plasma samples of 
southern Beaufort Sea (SB) polar bears from 2013-2014. Values beyond the 1.5x interquartile 
range (whiskers) are denoted by circles. Cytokines are abbreviated as follows: tumor necrosis 
factor alpha (TNFα), interleukin 6 (IL-6), IL-8, IL-10, and interferon gamma-induced protein 10 
(IP-10). 
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Figure 2.3: Principal component analysis (PCA) of the five validated cytokines of southern 
Beaufort Sea (SB) polar bears sampled in 2013 and 2014. Eigenvector loadings represented by 
the arrows for each of the cytokines. PC1 accounted for 90.9% of the variance. Cytokines are 
abbreviated as follows: tumor necrosis factor alpha (TNFα), interleukin 6 (IL-6), IL-8, IL-10, 
and interferon gamma-induced protein 10 (IP-10). 
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Appendix 2 
 
Table A.2.1: Summary table of r2 (bold r2 denotes correlations > 0.50) values showing 
correlations of continuous variables considered for the inclusion in the models to explain 
variation in the cytokine-index. 
 
∑PCB ∑OC THg 
∑OC 0.37*** 
  
THg 0.34*** 0.05 
 
Se:THg 0.08* 0.02 0.52*** 
 
* refers to p < 0.05 
*** refers to p < 0.001 
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Figure A.2.1: Non-validated cytokine responses (pg g-1) for no mitogen (NM) and two mitogen 
treatments (ConA and LPS) on blood supernatant of two zoo polar bears (PB) and two canine 
(Dog) samples. GM-CSF, IL-15, IL-2, MCP-1, and IL-18 was not achieved since PB and Dog 
samples did not follow the same patterns across treatments. IL-7 was not validated due to no 
detected response across treatments. KC-Like was left out of validation due to lack of relevancy 
in supporting literature. 
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Figure A.2.2: Relationship of organochlorine pesticides (∑OC) concentrations with body mass 
index (BMI) for southern Beaufort Sea (SB) polar bears for bears classified onshore (blue) or 
offshore (black) based on habitat use (r2 = 0.26 p = 0.01, r2 = 0.16, p = 0.06, respectively).   
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Conclusions 
 Implications for polar bears 
 Changes to the feeding ecology may have vast implications for the overall health of SB 
polar bears. This thesis found seabirds to make up a substantial proportion of the diet estimates 
for SB polar bears from two biomarkers (fatty acids and stable isotopes); however, there is still 
limited knowledge as to how these low lipid prey items fulfill their high caloric requirements. It 
was found that polar bears with high BMI had lower proportions of seabirds in their diet during 
years with more ice-free days, potentially revealing the lack of nutrients and fat found in seabird 
nestlings/eggs. Alternatively, BMI was found to be positively related to bowhead whale 
consumption and negatively associated with hunting their traditional prey ringed seal. This may 
suggest that those not adapting to the changing habitat are experiencing adverse effects regarding 
body condition and maintaining sufficient fat stores to withstand the winter fasting period prior 
to spring sampling; however, there may be additional tradeoffs for staying onshore during the 
open water season.  
 Assessing multiple stressors is a focus in Arctic marine ecology research in attempt to 
better understand how climatic-driven changes are affecting species, including polar bears. Body 
condition is one useful health indicator, but understanding physiological changes are also key in 
revealing the impact that multiple stressors, including contaminant cocktails, are having on these 
apex predators (Desforges et al. 2017). For instance, if bears are spending more time onshore 
relying on bowhead whale carcasses the levels of these lipophilic, biomagnifying contaminants 
may decrease due to the feeding at a lower trophic level (Jenssen et al. 2015), as was evident 
from the results presented showing lower levels of PCBs for individuals with high BMI using the 
onshore resources versus offshore conspecifics. However, contaminants linked to industry such 
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as polycyclic aromatic hydrocarbons, per- and polyfluoroalkyl substances, and brominated flame 
retardants may pose risks as emerging contaminants of concern as Arctic development continues 
to grow concurrently with increase terrestrial use by polar bears (AMAP 2017). Further research 
on the effects of these emerging contaminants and contaminant cocktails including PCBs, OCs, 
and Hg on Arctic marine mammal physiology, including immune function, is needed.   
 Changes in species distribution, habitat degradation, and feeding ecology may expose 
polar bears to new challenges to the immune system. New stressors are consequently introduced 
to polar bears, leaving them susceptible to pathogens to which they have no prior immunity 
(Weber et al. 2013). The cytokine panel described above can be used to assess for current 
immune response of individuals. Although the models in this thesis only explained up to ~15% 
of the variation found in the measured cytokines, the validation of this panel can contribute to 
elucidate the effects of multiple stressors in future studies.  
Implications for the SB food web 
 This study estimated appreciable levels of seabird biomass consumption from both fatty 
acid and stable isotope biomarkers. Individuals or small groups of polar bears foraging on barrier 
islands have been seen to devastate entire nesting colonies of seabirds in the Arctic (Smith et al. 
2010, Iverson et al. 2014); however, this foraging strategy was not believed to be widespread. 
These estimated levels of feeding on seabirds may have repercussions on the breeding success of 
seabirds particularly species which nest in specific regions and on low barrier islands particularly 
susceptible to polar bear predation. Although we did not find a temporal increase in the 
proportion of seabirds estimated in the diet of SB polar bears, it does not rule out the potential of 
them increasing within the diet of polar bears as sea ice extent continues to decrease. 
Consecutive years of low survival of nestlings could lead to a decimation of a colony over years.  
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 Ringed seal population dynamics are closely linked to polar bear predation since they 
make up the majority of their diets. Ringed seal pups will likely still be a major prey source for 
polar bears as long as there is sea ice with sufficient snow for ringed seal denning since the 
hunting of pups occurs during the spring before the melt season ramps up (Smith and Stirling 
1975). Snow depth, however, is projected to decline leading to overall population declines of 
ringed seal (Reimer et al. 2019). The lack of sufficient ringed seal dens exposes pups to high 
levels of polar bears predation (Smith and Lydersen 1991), thus potentially causing an initial 
boom in polar bear diets, but ultimately a crash once ringed seal abundance declines. 
Implications for Alaskan Communities 
 Human and wildlife conflict is always a concern when dealing with large carnivores. 
With sea ice loss expected to increase in the coming years, as supported in the trend seen in the 
recent years, the proportion of bears coming onshore is expected to continue to increase (Atwood 
et al. 2016), increasing their interactions with the communities on the North Slope. As bears 
spend increasingly time onshore, they are on the search for food (Atwood et al. 2016). 
Furthermore, this research showed adult males prey upon the traditional prey ringed seal less 
than adult females and juvenile bears, therefore potentially increasing concern for conflict if they 
increase their reliance on onshore foraging. Bowhead whales have been hunted traditionally by 
the indigenous people and have been controlled by quotas since 1978 in attempt to allow for a 
rebound in the population after commercial overharvest (Suydam and George 2004). These 
leftover carcasses have opportunistically become a valuable resource for polar bears, which were 
known to forage traditionally on stranded whales during years of low seal abundance; however, 
current whale populations do not suggest that carcasses of hunted and stranded whales will be 
able to support the current polar bear population in the future (Laidre et al. 2018). If polar bears 
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become dependent on bowhead whales without increased harvest by hunters, the bears that stay 
onshore during the open water season, after seabird fledging, may be stuck foraging for food 
resources in communities to attempt to fulfill their caloric needs.     
 Beyond the accidental or self-defense take of polar bears due to conflict; the indigenous 
communities in the North Slope have quotas allowing for the annual harvest of polar bears, 
allowing them to use the bears’ fur for clothing and meat for sustenance helping them and their 
traditions survive (U.S. Fish and Wildlife 2016). However, the hunted polar bears are vectors for 
contaminants and possibly pathogens. This thesis shows that the levels of PCBs and OCs 
circulating in the blood of SB polar bears were not above published risk quotients for polar bears 
(Dietz et al. 2015), but could contribute to contaminant loads in humans consuming different 
tissues of the harvested bears.   
In conclusion, this thesis demonstrates key effects that climate-driven ecological change 
is having on SB polar bears. This sentinel species has the potential to impact and be impacted by 
the entirety of the Arctic marine ecosystem, including native communities. Onshore habitat use 
as a response to sea ice loss was found to be a factor related to diet, body condition, contaminant 
exposure, and potentially immune function. These findings suggest that onshore habitat use has a 
variety of consequences on the overall health of polar bears in the SB subpopulation, requiring 
continued research.   
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